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Low temperature fuel cells and hydrogen-generating electrolyzers are clean energy technologies
with far reaching potential. However, performance is bottlenecked by the slow electrochemical
reaction kinetics of oxygen reduction and oxygen evolution. Accelerating the reaction of oxy-
gen currently requires precious metal electrocatalysts, stifling the prospect of widespread fuel
cell and electrolyzer proliferation. Consequently, there has been a concerted effort in discover-
ing alternative bifunctional oxygen electrocatalysts, most notably from inexpensive and naturally
abundant materials. In particular, complex metal oxides represent a major class of promising
new catalyst materials, demonstrating strong catalytic activity and tunability. The sheer breadth
of metal oxide systems, underscored by their nearly limitless structural and compositional de-
grees of freedom, motivates high-throughput synthesis and experimental approaches to expedite
and maximize the efficacy of materials discovery. In this study, we performed a range of high-
throughput oxygen catalysis measurements on composition-spread libraries of co-sputtered metal
oxide thin films. Catalytically active oxides were discovered using a combination of electrochem-
ical screening (cyclic voltammetry, rotating disk electrode, electrochemical impedance, etc.) and
versatile high-throughput characterization techniques for structural and compositional mapping.
The information from the screening results narrowed the library of potential oxygen catalysts,
while identifying novel oxide compounds and structures. The effective translation from thin film
to high-surface-area nanoparticle catalysts not only validates the methods utilized in this study,
but demonstrates high-throughput electrochemistry as a crucial and complementary approach to
catalysis research.
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CHAPTER 1
FUEL CELLS
1.1 Prologue
This research is primarily focused on oxygen electrocatalysis, a vital chemical process
for a number of applications, namely catalytic converters, metal-air batteries, hydrogen fuel pro-
duction, solar-to-fuel production, and combinations thereof. Although there are many branching
applications to oxygen electrocatalysis, fuel cells have always been the impetus behind this work.
Therefore, this chapter will discuss some of the key fundamentals, operating components, and
types of fuel cells. This chapter will also briefly discuss the current state and future projections of
commercial fuel cells based on industry trends, federal and global initiatives.
1.2 Introduction
Fuel cells are among the principal technologies being propelled to the energy forefront
as part of the long-term global initiative to lower pollution levels, improve energy consumption
efficiency, and reduce global carbon emissions. Fuel cells are highly efficient, zero-emission elec-
trochemical devices that generate electricity from the reaction of hydrogen (H2) and oxygen (O2).
Consequently, many have sought to incorporate fuel cell technology into several commercial ap-
plications, namely electric vehicles, stationary power systems, and portable devices. Although fuel
cells have slowly gained traction in various niche markets, the prospect of widespread growth is
still hindered by high production costs, relatively low durability, and the high logistical threshold
in establishing an infrastructure for hydrogen-fuel delivery. Nonetheless, fuel cells continue to
play an indispensable role in fully integrating clean energy globally.
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Figure 1.1: A schematic of a prototypical hydrogen proton-exchange fuel cell. The core fuel cell
device consists of an anode and cathode separated by an ionically conductive electrolyte mem-
brane. The illustration shows the detailed composite of the membrane electrode assembly (MEA),
which consists of catalyst layers, gas diffusion layers, and bipolar plates.[264]
1.3 Fuel Cell Reaction
A fuel cell is a galvanic electrochemical cell that converts chemical energy into electricity
by the reduction/oxidation (redox) reaction of hydrogen (H2) and oxygen (O2). Figure 1.1 shows
an illustration of a basic fuel cell architecture, consisting of two electrodes (i.e. anode and cathode)
separated by an ionically conductive electrolyte membrane. During operation, H2 is supplied to
the anode and oxidized (i.e. loss of electrons) into protons (H+):
Anode : H2 → 2H+ + 2e− (1.1)
The electrons released from the oxidation half-reaction spontaneously conduct through an external
circuit towards the cathode in the form of electrical current. The incoming electrons reduce the
O2 molecules, forming O2- anions, or some variant (e.g. OH-, H2O) depending on the electrolyte
2
membrane.
Cathode :
1
2
O2 + 2e− → 2O2− (1.2)
When both half-reactions are combined, the net reaction becomes:
Cell Reaction :
1
2
O
2
+ H2 → H2O (1.3)
For charge balance, the H+ ions transport through the ionically conductive electrolyte membrane
towards the cathode, combining with O2- to form water (H2O) as the main byproduct.
Figure 1.2: Voltage (V)-current (A/cm2) curve, and a power density (W/cm2) of a typical fuel
cell device. The overpotentials with resepect to the theoretical potential (green dotted line) across
different regimes of the V-I curve are identified by the rate-limiting mechanisms that induce energy
loss.[82]
1.4 Fuel Cell Operation
Figure S.2 shows the output of a typical fuel cell, showcasing the operating voltage (V)
versus the electrical current density (A/cm2) (red curve), and the overall power density (blue curve).
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The dashed line across the figure is the theoretical redox potential, or open-circuit voltage (OCV).
The power density curve is the product of the operating voltage and current density, which peaks
at some intermediate voltage and corresponding current density.
Fuel cell performance is generally characterized by the overpotential, η, which is the dif-
ference between the operating voltage and the OCV, and the power density. Both are important
metrics for operating efficiency, and the rate of energy transfer, which is essential for dynamic and
distributive applications. However, the superimposed curves underscore the major trade-off be-
tween high operating at efficiency near the onset voltage, and peak power density at greater over-
potentials. Although the OCV is the theoretical redox potential, in practice, the redox current does
not activate until reaching a certain overpotential of ∼300 mV as a result of energy loss attributed
to a combination of slow reaction kinetic kinetics, ohmic losses from the fuel cell components, and
limited mass transport of the redox species. Thus, the working potential must be adjusted relative
to the OCV (Eeq). Equation A.4 shows the adjusted potential, which now incorporates systematic
leakage (EL) due to fuel crossover across the electrolyte, as well as partitioned overpotentials (i.e.
ηact, ηiR,ηdiff) that correspond reaction kinetics, Ohmic losses, and mass-transport.
E = Eeq − EL − ηact − ηiR − ηdi f f (1.4)
The voltage-current curve can be defined by the different regimes corresponding to the
rate-limiting mechanism. For instance, while factoring in systematic losses from fuel crossover,
the overpotential preceding the onset of current is predominately limited by the reaction kinetic
threshold, which is notably attributed to sluggish oxygen reduction kinetics at the cathode. In-
creasing the overpotential drives the redox kinetics to increase exponentially, but the current output
is now limited by the Ohmic resistance of the components due to the increase in the iR drop. As a
result, the current-potential curve follows a more linear progression, characteristic of Ohm’s Law.
At even greater current densities, the cell now reaches a point where the consumption rate of H2
and O2 at the electrodes exceeds the rate of supply, causing fuel depletion that is now governed by
mass-transport (i.e. diffusion, migration).
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Efficiency is defined as the fraction of energy that can be converted into useable work (i.e.
electrical work, mechanical work, etc.), and thus, is one of the critical benchmarks for energy con-
sumption. Practical fuel cells have the notable advantage of operating at much higher efficiencies
than conventional heat engines (i.e. internal combustion), which are restricted by a relatively low
heat-to-work conversion efficiency imposed by the Carnot limit. In contrast, fuel cell efficiency is
predicated on the conversion of chemical energy released from the redox reaction of H2 and O2
into useful electrical work. To illustrate, Equation A.5 represents maximum efficiency as a ratio of
the maximum possible work that can be extracted from the free-energy, ∆G, of the reaction, and
the enthalpy, ∆H.
Ideal η =
∆G
∆H
= 1 − T∆S
∆H
(1.5)
Depending on the sign of the entropy change (∆S), which is expected to be negative, the maximum
efficiency can approach almost 100%. However, a more practical metric is the voltage efficiency,
which is the ratio of the cell voltage divided by the Nernst potential (Eeq)-See Appendix I to learn
more about the Nernst equation.
η =
VCell
E
(1.6)
In practice, fuel cell efficiencies are around 40-60% due to energy losses induced by heat loss and
the aforementioned rate-limiting mechanisms (i.e. sluggish reaction kinetics, Ohmic losses, fuel
crossover, mass-transport), though fuel cells that operate on the cogeneration of heat and electricity
can reach efficiencies as high as 85%. Nevertheless, commercial fuel cell efficiencies generally
exceed conventional internal combustion engines, which only operate at around 20%.
The I-V behavior of a fuel cell is explicitly expressed by the Butler-Volmer (BV) equation
(Equation A.7).
I = IO
{
exp
[
αnFη
RT
]
− exp
[
(1 − α) Fη
RT
]}
(1.7)
The BV equation is an exponential relationship between the current density and the overpotential,
and is directly derived from the intrinsic rates of reaction of the redox species. Each exponential
term corresponds to the forward and reverse direction of the net cell reaction. However, at greater
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overpotentials, the back-reaction term becomes negligible, and the BV equation can be approxi-
mated as a single exponential corresponding to the forward reaction. Additional details about the
BV equation are discussed in Appendix I.
1.5 Membrane Electrode Assembly
The core assembly of the fuel cell, known as the membrane electrode assembly (MEA),
consists of the anode, cathode and the electrolyte membrane. Materials selection and MEA de-
sign studies have looked extensively at optimizing and satisfying the often far-reaching property
requirements of each component, most notably the electrolyte membrane, electrocatalysts and cat-
alyst supports, all while maintaining cross compatibility and high durability during operation.
The electrolyte membrane facilitates fast conduction of select ionic species from one elec-
trode to the other. In addition to being ionically conductive, the electrolyte must be electroni-
cally insulating to prevent electrical shorting, and impermeable to fuel crossover. For operational
longevity, electrolytes must be chemically inert, thermally robust, and strongly compatibility with
the adjoined components during operation. Choosing a suitable electrolyte material depends on the
fuel cell type and application. The most common electrolytes generally include aqueous solutions,
solid polymers and solid oxides.
The typical morphology of the cathode and anode is a porous composite consisting of a
thin catalyst layer (CL) and a gas diffusion layer (GDL). The CL, which has a thickness on the order
of 10 µm, is comprised of an intimate mixture of widely dispersed high surface area electrocatalyst
nanoparticles supported by an ionically and electronically conductive support.[264, 82, 156, 24]
Electrocatalysts are materials designed to accelerate the rates of oxygen reduction reaction (ORR)
and hydrogen oxidation reaction (HOR) at the cathode and anode, respectively. Both reactions take
place at the triple phase boundary within the CL, the junction between electrocatalyst, conductive
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support, and electrolyte where the reactants (H2, O2), ions (H+, OH-, O2- , etc.), and electrons meet.
Because ORR and HOR are heterogeneous reactions, synthesizing the electrocatalyts as nanopar-
ticles ensures a large distributive reactive surface area. Additionally, mixing electrocatalysts with a
high surface area, chemically inert conductive support ensures good electron mobility to the active
sites, which is necessary for completing the full redox. While electrocatalyst research has been one
of the most active research areas, it remains as one of the most challenging in terms of overcoming
performance, cost, and durability limitations. The GDL backing of the CL is a porous matrix that
provides permeable channels to facilitate sufficient flow of H2 and O2 to the CL. Moreover, the
GDL material must be conductive in order to function as a current collector, and robust enough
to provide mechanical support, heat/water removal, and protection from corrosion and erosion.
GDLs for low temperature fuel cells are commonly made from porous carbon fiber, often woven
together to form a cloth, or bonded together by resins to form a paper.[264] Additionally, GDLs are
sometimes wetted with Teflon (PTFE) to increase hydrophobicity, thereby increasing the transport
of water. Micro-porous layers composed of carbon black powder are sometimes situated at the
junction between the CL and GDL for better water drainage.
1.6 Fuel Cell Types
There are various types of fuel cells that are optimized for certain applications. For in-
stance, the prototypical fuel cell depicted in Figure 1.1 is known as a proton exchange membrane
fuel cell (PEMFC), which uses a H+ conductive polymeric electrolyte membrane. Fuel cell types
are primarily distinguished by the electrolyte, conductive ionic species (e.g. H+, O2- , OH-, etc.),
operating temperatures, and fuel type (i.e. H2, CH3OH). Table 8.1 shows a list of key fuel cells
and their operating parameters.
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Fuel
Cell Type
Abbreviation Temperature
Range (°C)
Output Range Efficiency Common
Electrolyte
Proton
Exchange
Membrane
PEMFC 70-110 <250kW 50-60%
electric
Sulfonated
Polymer
Alkaline AFC 100-250 10kW-100kW 50-70%
electric
Aqueous
KOH
Phosphoric
Acid
PAFC 150-250 50kW-1MW 80-85%
CHP
H3PO4
Molten
Carbonate
MCFC 500-700 <1MW 85%
CHP
(Na,K)2CO3
Solid Oxde SOFC 700-1000 5kW-3MW 85%
CHP
(Zr,Y)O2-δ
Table 1.1: List of prominent fuel cell types and associated operating temperatures, power density
range, efficiency range, and common electrolyte materials
1.6.1 Proton Exchange Membrane Fuel Cells
The proton exchange membrane fuel cell (PEMFC) is the most prolific type of fuel cell,
and currently the most commercially viable. As the name suggests, the PEMFC consists of an
electrolyte membrane that ionically conducts H+ from the anode to the cathode. With electrical
efficiencies that range from ∼40-60%, PEMFCs also exhibit excellent power densities while op-
erating at relatively low temperatures (∼80 °C, see Table 8.1).[264, 82, 156, 24] The ability to
operate at near ambient conditions is critical for applications that require fast startup times (e.g.
portal power, electric vehicles) while minimizing degradation after several power cycles. Although
PEMFCs yet to fully reach the necessary cost and performance benchmarks for widespread use in
markets against competing technologies such as Li-ion batteries and combustion engines, academic
and industrial research still remains very active.
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(a) (b)
Figure 1.3: (b) PEM fuel cell stack.[264] (a) Gas flow channel (http://change-
florida.com/fuelcells.html on 03/09/2018).
Proton exchange membrane (PEM) electrolytes are thin ionomer membranes (10-100 µm)
containing conductive hydrated channels for proton flow.[264, 164] Common electrolyte materials
are derived from a solid polymer containing sulfonic functional groups tethered to a perfluorinated
backbone (PTFE) that provides mechanical support; the most well-known PEM is Nafion, which
was developed by Dupont in the 1960s. Proton transport through the PEM is a combination of
proton site hopping from one sulfonic group to another, and vehicular diffusion of hydronium
(H3O+) ions, which is governed by both water diffusivity and electro-osmotic drag.[264] In order
to optimize proton transport (i.e. ionic conductivity), PEM electrolytes must maintain a certain
level of hydration. If the water content decreases, the membrane is susceptible to defect formation
and cracking. Conversely, excess water can swell the membrane, as well as flood the cathode,
reducing the fuel delivery rate to the active sites, consequently starving the CL of oxygen. The
PEM electrolyte must also maintain a low pH, which induces a highly acidic environment for
the surrounding materials. This is particularly problematic for the electrocatalysts and conductive
supports.
Another key PEMFC component is the bipolar plate, which is interfaced with the outward
faces of the GDLs. Bipolar plates are used as separators that allow multiple MEAs to be stacked
in series to increase the operating potential-a single MEA is typically limited to ∼1V) (Figure
1.3a).[264, 256] Bipolar plates supply and distribute H2 and O2 using distributive patterned gas
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flow channels (GFCs), providing uniform convective flow throughout.[90] Figure 1.3b shows a
picture of a typical flow field design, which can vary depending on the specifications of the appli-
cation. In addition to uniform fuel distribution, bipolar plates are current collectors that provide
mechanical support, fast heat conduction, and a high impermeability of H2 and O2 to minimize
cross-over and leakage. Bipolar plates make up a large fraction of both the stack weight (80%)
and cost (45%), prompting efforts to seek lighter weight, inexpensive materials.[90] Common ma-
terials currently used as bipolar plates include graphite and/or graphite-composites. While these
graphite-based materials are chemically inert and conductive, they are also mechanically brittle
and expensive. Thus, many have sought aluminum, iron, stainless steel, titanium, and nickel as
viable bipolar plate materials.[90]
Upon the discovery of H+ conductive (∼0.01-0.25 S/cm)[90, 129] ionomer electrolytes,
many have sought to integrate PEMFCs into portable and automotive technologies. However, high
material costs and limited durability still preclude widespread proliferation. Hydration mainte-
nance of the PEM membrane along with a restricted library of corrosion-resistant electrocatalysts,
such as Pt and/or Pt alloys, continue to be major cost burdens. Nonetheless, the utility of PEMFCs
continue to grow in various niche markets, even breaking into large competitive markets with the
recent launch of commercial fuel cell electric vehicles (FCEV) (within the last 2 years) by Toyota
and Hyundai.
1.6.2 Alkaline Fuel Cells
Alkaline fuel cells (AFCs) were one of the earliest commercial prototypes, first incor-
porated into NASA space shuttles for a number of Apollo missions. Like PEMFCs, AFCs oper-
ate at low temperatures (< 100 °C), but their distinguishing feature is the use of alkaline elec-
trolytes that transport hydroxide ions (OH-) from the cathode to anode. Although they have
been slowly displaced by conventional PEMFCs, interests in AFCs have reemerged within the
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last decade due to advances in the performance and durability of polymeric alkaline electrolyte
membranes.[279, 153, 108]
Early AFC electrolytes were composed of a porous matrix of gel-like material saturated
with a strongly basic aqueous potassium hydroxide (KOH) solution. Under alkaline conditions,
the anodic and cathodic half-reactions involve the hydroxide anions.
Cathode :
1
2
O2 + H2O + 2e− → 2OH− (1.8)
Anode : H2 + 2OH− → 2H2O + 2e− (1.9)
Alkaline fuel cells are highly efficient, reaching values as high as 70%, much of which is largely
attributed to faster ORR kinetics under alkaline conditions.[225] Compared to PEMFCs, there is
a larger library of materials that are stable under alkaline conditions.[33, 107, 167] Thus, AFCs
are not limited to using expensive precious metal electrocatalysts such as Pt or Pt-alloys, though
they are still among the most catalytically active materials even in alkaline environments.[225]
The potential use of cheaper non-precious metal electrocatalysts combined with a simple KOH
electrolyte in contrast to highly expensive Nafion and/or any other fluoropolymer-based electrolyte
bolsters AFCs as less-expensive alternatives to PEMFCs.
Despite its advantages, AFCs suffer from irreversible carbonate formation. Trace amounts
of carbon sourced from CO2 mixed with oxygen/hydrogen, and leached carbon support reacts to
form carbonate (CO32-) anions. The carbonate combines with the potassium (K+) cations, pre-
cipitating potassium carbonate (K2CO3) salt that consequently expedites fuel cell degradation by
clogging the electrode pores, subsequently flooding and blocking fuel supply.
Anode : CO2 + 2OH− + K+ → K2CO32 + H2O (1.10)
Common techniques such as cycling the KOH solution continuously, and/or using high purity
gas feeds can decrease the rate of K2CO3 formation, prolonging the operating lifetime, though
these processes are very costly. In order to mitigate the lingering issues with leakage and the
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formation of a K2CO3 precipitate, research in alkaline electrolytes have shifted towards polymer
anion exchange membrane (AEM) materials. Common AEMs consist of cationic functional groups
(e.g. pyridinium, guanidinium, ammonium, phosphonium, sulfonium, etc.) containing hydroxyl
counter anions, which act as the anion-exchange sites.[37, 153, 108] These membranes also consist
of a polymeric backbone that supports the cationic groups, much like the PTFE material in Nafion.
One of the contemporary challenges with AFCs is finding suitable AEM materials that fa-
cilitate comparable ionic transport properties to PEMs. Reaching this benchmark is far less tenable
given the intrinsic difficulty of transporting the fairly large and bulky hydroxyl species in compari-
son to the smaller and mobile protonic species. Additionally, current AEMs contain cationic groups
that are susceptible to degradation reactions with the hydroxyl counter-anions, drawing concerns
regarding chemical stability during operation. The extent of degradation varies depending on the
degree of hydration and temperature. The polymeric backbone (i.e. polysulfones, fluorinated poly-
mers, etc.) is also susceptible to degradation. To circumvent the pervasive issues with degradation,
different synthesis routes (i.e. crosslinking, irradiation/grafting, etc.) and AEM materials, in-
cluding fluoropolymers, polysulfones, polyarylenes, and poly(ether-imide)s, have been evaluated,
many of which are linked to ammonium cations.[153] Overall, the sharp rise in the number of
AEM studies has been encouraging, which may spawn a significant revitalization of commercial
AFCs.
1.6.3 Solid Oxide Fuel Cells
Solid oxide fuel cells (SOFCs) are high temperature (600-1200 °C) devices that utilize an
ionically conductive solid oxide membrane as the electrolyte for the transport of oxygen anions
(O2- ) from the cathode to anode.[82] When SOFCs operate continuously, they demonstrate out-
standing stability, good fuel flexibility, and high operating efficiencies. Solid oxide fuel cells are
primarily composed of ceramics, a class of materials known for being highly robust within a wide
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high temperature range. In contrast to low temperature fuel cells (PEMFCs, AFCs), SOFCs are not
limited by issues associated with leakage and hydration maintenance. Performance is largely gov-
erned by the transport properties of O2- across the oxide membrane (conductivity is exponentially
dependent on temperature). Commercial SOFCs commonly use yttria stabilized zirconia (YSZ)
and/or ceria (Ce)-based oxides as the electrolytic membranes due to their strong chemical stability
at high temperatures.[82, 263] The electrodes are ceramic composites (i.e. cermets) composed of
the solid oxide electrolyte mixed with catalytically active materials. Operating at very high temper-
atures significantly reduces the kinetic redox reaction threshold, eliminating the need for precious
metal electrocatalysts. For instance, an SOFC anode is typically a porous composite containing
transition metal electrocatalysts such as nickel (Ni) mixed with YSZ. In addition to exhibiting fast
oxidation kinetics, the anode is an active steam reformer to make hydrogen fuel.[82] It is typically
the thickest layer of the MEA stack, providing mechanical support. Cathode materials commonly
consist of lanthanide-based and perovskite-based oxides such as lanthanum strontium manganite
(La1-xSrxMnO3-δ, 0.15 ¡ x ¡ 0.25), or LSM.[2] Because many cathode materials such as LSM are
fairly poor ionic conductors, the design of the SOFC minimizes the thickness of the cathode layer
on top of the stack to minimize polarization losses.
A major limitation with SOFCs is that they must operate at high temperatures in order to
thermally activate all of the processes (i.e. catalysis, ionic conductivity, electronic conductivity,
etc.) needed to maintain practical power and efficiency. Consequently, SOFCs are chiefly utilized
as primary and/or auxiliary stationary power systems for small and large-scale installations. Op-
erating at high temperatures also imposes a limit on the library of ceramics that are chemically
and thermally stable at extremely high temperatures. Even for ceramics that fit all of the prop-
erty requirements, many are still susceptible to chemical degradation, thermal stress buildup, and
thermal-induced cracking.
As more businesses and even certain households incorporate SOFC technology into off-
grid stationary power generation systems, research continues to be an active area, with a heavy
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emphasis on lowering the operating temperatures within an intermediate range (500-600 °C). This
can significantly reduce startup times, insulation costs, component costs, and extend the operating
lifetimes.
1.6.4 Additional Fuel Cell Types
Although PEMFCs, AFCs, and SOFCs are the most ubiquitous commercially, there exist
several other types of fuel cells. Each offers their own set of unique properties, operating con-
ditions, and limitations. Other types include phosphoric acid fuel cells (PAFCs), direct methanol
fuel cells (DMFCs), and molten carbonate fuel cells (MCFCs). Phosphoric acid fuel cells (PAFCs)
operate between 150 and 200 °C using highly concentrated H+ condutive liquid phosphoric acid as
the electrolyte.[264, 1]. PAFCs offer the additional benefit of operating with a variety of fuel types
(i.e. hydrogen, methanol, ethanol), as well as operating as a combined heat and power source,
converting expelled water into steam. While PAFCs are not as efficient as PEMFCs, they are com-
paratively less expensive. However, PAFCs operate under harsh acidic conditions, limiting the
available materials for redox catalysis to precious metals. Moreover, the use of liquid electrolytes
introduces complications with leakage. Direct-methanol fuel cells (DMFCs), which operate on the
consumption of methanol fuel as opposed to hydrogen, have recently gained significant interest.
Methanol has a higher energy density than hydrogen, with a clear logistic advantage of easier han-
dling and distribution, though the presence of carbon makes DMFCs less environmentally friendly
(CO2 and CO are common byproducts). Molten carbon fuel cells (MCFCs) are intermediate tem-
perature (600-700 °C) devices that use a molten carbonate salt mixture suspended in a ceramic
matrix as the electrolyte, which ionically conducts carbonate (CO32-) ions. They are commonly
used to generate electricity from natural gas, biogas from anaerobic digestion, and coal-based
sources.[24] While MCFCs are far from being zero-emission devices, they are highly efficient
(∼70%), and are suitable internal reformers capable of converting energy dense sources such as
methane into hydrogen fuel. Overall, it is recommended that the reader seek literature that goes
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into greater depth on all of these fuel cells systems. While this summary is limited in length and
detail, it should not undercut their significance in terms of operational efficacy, research activity,
and commercial value on a wider scale.
(a) (b)
(c)
Figure 1.4: (a) Stationary SOFC (http://www.fchea.org/stationary/ on 03/09/2018). (b) Portal fuel
cell (https://www.slashgear.com/sony-demo-hybrid-fuel-cell-concepts-2535678/ on 03/09/2018).
(c) Fuel cell electric vehicle (http://www.thetruthaboutcars.com/2013/11/hyundai-says-fuel-cells-
will-be-cheaper-than-batteries-will-debut-hydrogen-fuel-cell-cuv-next-year-for-sale-in-2015/ on
03/09/2018)
1.7 Applications and Market Landscape
Commercial fuel cells are integrated in several applications (Figure x) associated with
stationary, transportation, and portable power.[40] Stationary fuel cells include alternative off-grid
primary and backup power generation, as well as combined heat and power (CHP) generation
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for homes, businesses, telecommunications networks, and utilities. Transportation applications
include fuel cell electric vehicles (FCEVs), and specialty vehicles such as buses, off-road vehicles,
and material handling equipment (MHE) such as forklifts. The utility of fuel cell technology has
also expanded towards portable power devices such as personal electronics, auxiliary power, and
military equipment.
(a) (b)
(c) (d)
Figure 1.5: (a) Total fuel cell shipped year-by-year. (b) Total fuel cell megawattage year-by-year.
(c) Megawatts shipped by region. (d) Worldwide fuel cell investment.[40]
According to the Fuel Cell Technologies Market Report published in August of 2016 by
the U.S. Department of Energy (DOE), more than 60,000 fuel cells were shipped globally in 2015,
which totaled to more than 300 megawatts (MW)-more than 65% increase from 2014 (Figure
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1.5a,b).[40] The largest fuel cell market was in North America, with shipments around 30% more
than Europe and Japan combined (see Figure 1.5c). The increase in wattage comes largely from
recent market growth in both stationary power and transportation. Recent activities in stationary
power included large-scale installations of fuel cell power parks in both the U.S. and South Korea,
along with steady a growth in residential fuel cell systems in Japan.[40, 41, 178] Steady growth in
transportation is attributed to increased deployment of specialty vehicles such as MHE and buses.
Moreover, FCEVs developed by Toyota and Hyundai were recently made available as of 2015 in
parts of California, Europe and Japan.[40, 41]
The fuel cell industry, which includes all technologies related to hydrogen and fuel cells,
reported approximately $2 billion in total revenue (roughly consistent with 2014).[40, 41] How-
ever, there reported figure varies between less than $1 billion and over $3 billion due to uncer-
tainties and discrepancies when factoring additional revenue sources from private and government
project funding, as well as fuel cell sales for educational purposes.[40] Additionally, multi-faceted
companies and conglomerates do not always disclose revenue from the sales of fuel cell units
separately from other products.
During the period between 2013 and 2015, cumulative global investment in fuel cell com-
panies from venture capitalists (VCs), private equity (PE), over-the-counter (OTC) and private
investment in public equities (PIPE) totaled to around $592.7 million (Figure 1.5d).[40] The U.S.
constitutes around 58% of the total investment. Despite commercial growth in certain fuel cell
markets, total investment was comparatively lower than the $736.2 million invested between 2012
and 2014, and $1.038 billion between 2011 and 2013. More specifically, total investment was
around $163.6 million in 2015, slightly above the $154.6 million figure in 2014, but down from
$274.5 million in 2013. However, there was a notable increase in total investment in U.S.-based
fuel cell companies, which estimated to $131.1 million compared to $40 million in 2014.
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(a)
Figure 1.6: 2016 and 2017 R&D fuel cell funding in key areas.[178]
1.7.1 Federal Activities
Within the last 15 years, the federal government has taken a more active role towards
building an infrastructure for clean and renewable energy through legislation, federal research
funding, and consumer/corporate subsidies.[40, 210] For instance, Title VIII of the Energy Policy
Act (EPAct) of 2005, a bill signed by George W. Bush, establishes research and development
on technologies relating to the production, purification, distribution, storage, and use of hydrogen
energy, fuel cells, and related infrastructure.[40] In 2015, a major milestone for EPAct was reached
when Hyundai and Toyota released a line of commercial fuel cell electric vehicles (FCEV), meeting
one of the stated program goals, to enable a commitment by automakers no later than year 2015
to offer safe, affordable, and technically viable hydrogen fuel cell vehicles in the mass consumer
market. Furthermore, Honda is slated to release a new FCEV during 2017.[40]
Then-President Obama issued an Executive Order, Planning for Federal Sustainability in
the Next Decade. This order outlined sustainability goals for federal agencies to incorporate clean
energy technologies (encompassing fuel cells and related technologies) into federal buildings and
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vehicles. Obama also signed a Transportation bill, which includes a Section 1413, which desig-
nates alternative fueling corridors for hydrogen, propane, and natural gas fueled vehicles. Addi-
tionally, Congress retroactively extended tax credit of up to $8,000 for the purchase of FCEVs, ex-
tending beyond the original expiration year of 2014.[40, 210] In the Fiscal Year of 2015, Congress
appropriated approximately $97 million for the DOE Office of Energy Efficiency and Renewable
Energy (EERE), Fuel Cell Technologies Office (FCTO), and $30 million for solid oxide fuel cell
(SOFC)-related activities within the Office of Fossil Energy.[40, 210] While including funding for
the Advanced Research Projects Agency-Energy (ARPA-E) and Office of Science (SC), the total
U.S. DOE funding for hydrogen production/storage and fuel cells was approximately $150 million.
[40] The DOE funding through the FCTO was distributed to various R&D projects within several
proposals and programs, most notably Small Business Innovation Research and Small Business
Technology Transfer (SBIR/STTR); Advanced Hydrogen Storage Systems Awards and Research;
and Development and Demonstrations Funding Awards.[40] Lastly, FCTO also allocated resources
towards market transformation efforts to expedite the commercialization of hydrogen and fuel cell
technologies.
Other federal agencies that provided funding to hydrogen and fuel cell technologies in-
cluded the Department of Transportation’s Federal Transit Administration (FTA), and the Defense
Department’s Defense Logistics Agency (DLA), which funds several transportation technologies.
The fiscal year 2017 budget requested $35 million for the Fuel Cells program, equal to the 2016
appropriation. Figure 1.6 shows the breakdown of the distributed funding for the key areas of fuel
cell R&D.
1.8 Benchmarks
The commercial growth and sustainability of fuel cell technology is predicated on reach-
ing certain target performance benchmarks, both short-term and long-term, while continually re-
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(a) (b)
Figure 1.7: (a) Key fuel cell benchmarks compared to current performance standards.[210] (b)
Year-by-year cost/kW and target benchmarks.[178]
ducing production costs. Efforts to reduce cost, improve power output, efficiency, and durability
are ongoing, and essential for widespread integration into competitive energy markets. Figure S.7
shows the year-by-year production cost of PEM fuel cells along with the projected and target cost.
Consequently, various performance benchmarks have been projected by the DOE [210], which are
dependent upon the specific application and fuel cell type. For instance, low temperature fuel cells
for automotive applications are benchmarked to reach 65% peak efficiency and 5000-hour life-
time at a production cost of $40/kW a by the year 2020, but long-term competiveness will require
operation lifetimes that exceed 8,000-h, and productions costs approaching $30/kW.[210] Based
on the 2016 DOE annual progress report, the preliminary projected cost of automotive PEMFCs
operating at 80 kW is around $53/kW at a manufacturing volume of at least 500,000 units/year,
and $59/kW at a volume of 100,000 units/year. However, the cost did not change from 2015, and
current PEMFCs manufactured at an output of around 1000 units/year costs around $230/kW. As
of late 2016, the operating lifetime of a commercial PEMFC is around 3,900-h.[210]
Most recently, there has been a concerted effort to directly and indirectly improve fuel
cell performance through Fuel Cell Performance and Durability (FC-PAD) Consortium initiative.
Launched in 2015, FC-PAD consolidates and coordinates research in several areas related to fuel
cell technology, spanning across industry, academia, and national laboratories. The organization
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(a)
Figure 1.8: Key components and research methodologies of FC-PAD.
[210]
partitions research in FC-PAD into three general areas: electrocatalysts and supports; electrode
layers; ionomers, gas diffusion layers, bipolar plates, interfaces. Research on each of these compo-
nents is also organized by methodologies using the latest approaches in modeling and validation;
operando evaluation; benchmarking, accelerated stress tests, and contaminants; and component
characterization and diagnostics. Other facets related to fuel cell research also include studies
on hydrogen production, delivery, and storage; basic research; manufacturing R&D; technology
validation; market transformation; education, safety, codes, and standards.
Additionally, a second consortium was established in 2016 called the Electrocatalysis
Consortium (ElectroCat), which focuses on high-performance, low cost platinum group metal
(PGM)-free catalysts for automotive fuel cells. However, the scope of ElectroCat extends to re-
search areas corresponding to high-throughput combinatorial methodologies, computational meth-
ods, nano-structured thin films, and PGM-free catalysts. Primarily, ElectroCat aims to minimize
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PGM loading while optimizing the catalytic activity through alloying and core-shell synthesis.
1.9 Closing Summary
As the climate continues to change as a consequence of unchecked carbon emission, we
have reached a critical juncture where coordinated efforts scientifically and legislatively are more
important than ever to upend this existential threat of climate change. Fuel cells play a critical role
towards building a sustainable infrastructure powered exclusively by clean energy technologies.
However, the high production costs, coupled with longstanding challenges in optimizing redox
catalysis and durability, continue to be the limiting factors that preclude large-scale distribution.
But despite these limitations, fuel cell utilization in certain markets continues to grow. Thus, fuel
cell research will continue to be an active and critical facet to clean energy.
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CHAPTER 2
OXYGEN REDUCTION AND EVOLUTION CATALYSIS
2.1 Introduction
The transition from fossil fuels to large-scale sustainable clean energy storage and con-
version continues to be a major scientific and industrial challenge. The performance (i.e. effi-
ciency, power density) of low temperature electrochemical cells, such as fuel cells[264, 263, 24],
electrolyzers[262, 23, 43, 151, 143], photocatalytic water splitters[43, 116, 261], and metal-air
batteries[26], all of which operate on the consumption and/or production of oxygen, is limited
predominantly by the sluggish kinetics of oxygen reduction/evolution reaction (ORR/OER). Even
for systems that use ”state-of-the-art” components, ORR/OER at low temperatures still suffer from
∼400 mV overpotentials upon reaching practical current density outputs (Figure S.1).[264]
(a) (b)
Figure 2.1: (a) The cell potential at a given output current for ORR/OER and HOR/HER. Com-
paratively, HOR/HER is far more facile than ORR/OER. The area under the curves correspond to
energy lost due to the limited kinetics of ORR/OER. (b) Illustrations of the role of oxygen and
hydrogen during conversion and storage.[94]
Summarized in chapter 1, ORR/OER is a half-reaction that takes place at the cath-
ode(ORR)/anode(OER). During ORR, oxygen molecules adsorb onto the reactive sites at the cath-
ode, undergoing a series of heterogeneous electron-transfer reduction reactions. Under acidic con-
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Figure 2.2: The change in the transition state when catalysts are incorporated. The change is
induced by a lower-energy reaction pathway through the formation of heterogeneous oxygen in-
termediates at the catlayst surface[94]
ditions, the reaction of oxygen is shown as:
O2 + 4H+ + 4e− → 2H2O (2.1)
Conversely, reversing the direction of the reaction initiates OER, where water is oxidized to evolve
O2. Despite the natural ubiquity of both ORR and OER, efforts to elucidate the underlying factors
that influence the reaction mechanisms and kinetics is still limited. Most importantly, optimizing
the ORR/OER reaction rates to reach competitive performance benchmarks continues to be a major
challenge.
2.2 Oxygen Electrocatalysts
High surface area electrocatalysts, which are uniformly embedded within a composite
layer that makes up the anode and cathode (See Chapter 1), are used to accelerate the reaction
kinetics of ORR/OER. The breadth of research devoted to oxygen catalysis using a wide range
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of systematic, experimental, and theoretical approaches, has led to the discovery of several novel
active catalyst materials. Currently, platinum (ORR) or iridium (OER) are among the standard cat-
alysts in commercial proton-exchange membrane fuel cells (PEMFCs) and electrolyzers, respec-
tively. However, these materials are among the rarest and most expensive noble metals, incurring
a large fraction of the overall manufacturing cost, and severely limiting the production through-
put. In addition to several studies that focus on reducing the material loading of Pt and Ir, many
researchers have sought to eventually replace them with less expensive and more abundant alter-
native (non-Pt and non-Ir) catalysts, without compromising the overall catalytic activity. Although
many have reported a wide range of catalyst systems that showcase very promising results, there
has been limited success in implementing them commercially, thereby replacing the current noble
metal standards.
The search for alternative oxygen catalysts is the primary motivation behind this research.
Thus, this chapter will convey the massive scope of oxygen catalysis, generalizing previous studies
on notable catalyst systems, particularly metal oxides for alkaline fuel cells and electrolyzers. With
regards to this research, two key oxide systems will be discussed in Chapters 5 and 6: manganese-
doped ruthenium oxide (MnxRu1-xO2-y) and pyrochlores ((Bi,Pb)2(Ir,Ru)2-x(Bi,Pb)xO7-y). Both sys-
tems were evaluated as bifunctional catalysts using combinatorial high-throughput techniques de-
rived from methodologies established by previous graduate students within the van Dover group,
as well as prolific electrocatalyst researchers (e.g. Goodenough, Stamenkovic, Abrun˜a, Gasteiger,
etc.).[182, 242, 74]
2.2.1 The Role of Oxygen Catalysts
The performance bottleneck from sluggish ORR and OER is induced by the high kinetic
activation thresholds for oxygen redox (See Appendix I summary on Transition State Theory). Cat-
alytically active materials contain reactive surface sites that unlock faster reaction pathways involv-
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ing heterogeneously formed intermediates (Figure S.2).[94] These pathways are generally charac-
terized by a reaction sequence of steps consisting of molecular and ionic adsorption/desorption;
protonation; production of oxygen intermediates, and oxygen bond-breaking.[84, 170, 215, 131]
However, the predicted reaction sequence and rate-limiting step(s) are highly dependent on the
catalyst material and environment, often becoming a major source of discord amongst electocata-
lyst researchers. But as in-situ and ex-situ electrochemical and characterization techniques become
increasingly more sophisticated, and when combined with the latest theoretical models, the conflu-
ence of these methods help further expound the factors that drive specific reaction mechanisms in
relation to key operating conditions (e.g. pH, temperature, electrolyte, etc.) and catalyst material
properties (i.e. electronic, surface chemistry, structure, surface morphology, etc.).
2.2.2 Oxygen Reduction
The most prolific class of catalysts for oxygen reduction, as well as hydrogen oxida-
tion/evolution is platinum (Pt) and platinum alloys (Pt-M, M=Co, Ir, Cr, Ni, Cu, etc.).[94, 70,
251, 160, 159, 61] In addition to consistently exhibiting the highest catalytic activities for ORR, Pt
is chemically inert, and highly robust against corrosive environments. Consequently, applications
such as proton-exchange membrane fuel cells (PEMFCs), which operate under highly acidic condi-
tions, employ Pt-based materials as the standard catalysts for both the anode (hydrogen oxidation)
and cathode (oxygen reduction). However, Pt is one of, if not the most expensive precious metal in
the market due to its wide ranging application value and natural scarcity. Thus, the incorporation
of Pt constitutes a significant fraction of the overall production cost of PEMFCs, ultimately stifling
large-scale manufacturing and any subsequent long term growth.
Despite the need for less-expensive alternative catalyst materials, Pt continues to be
the most heavily studied catalyst, establishing an comprehensive network of research focused
on different aspects to engineering Pt particles, including surface structure[231, 148, 147],
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alloying[70, 160, 159, 230, 252], and particle morphology[147, 282, 165], all of which converge
towards optimizing catalytic activity while minimizing volumetric and/or mass Pt loading. Promi-
nent studies related to Pt ORR catalysis have attempted to reconcile theoretical models built on
molecular simulations and density functional theory (DFT) with systematic ex-situ and in-situ ex-
perimentation. For instance, Stemankovic et al. among several other researchers modeled ORR
selectivity and activity on various faces of Pt (e.g. (111), (110), and (100)), reporting the (111) face
as the most active.[230, 229] Other consequential studies have used kinetic and thermodynamic
models to identify key descriptors that govern ORR activity.[94, 160, 159, 230, 84] These mod-
els correlate with the Sabatier principle, which identifies an optimizal binding energy of oxygen
and hydroxyl groups on the catalyst surface for maximum catalytic ORR activity.[230, 84, 229]
The binding energy descriptor is governed by the electronic properties of the catalyst, particu-
larly the interactions between the metallic d-band center with the molecular orbitals of the oxygen
adsorbates. When the binding energy is too high, the Pt surface becomes poisoned by the accu-
mulation of bound oxygen intermediates due to a low rate of oxide dissociation; conversely, when
the binding energy is too low, partially reduced intermediates desorb, producing partially reduced
byproducts (i.e. H2O2) that can have adverse effects on the surrounding components.[84, 131]
(a) (b)
Figure 2.3: (a) Volcano plot of metal catalysts. (b) Volcano plot of Pt-metal alloys at the (111)
plane.[23]
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Figure 2.4: (a) Potential vs. atomic number volcano plot relative to the theoretcial potentials for
the reaction of hydrogen and oxygen.[23]
Consequently, the catalytic activity with respect to the binding energy descriptor estab-
lishes a ”volcano” trend (Figures S.3a), resolving an activity peak. This model has led to sev-
eral other studies that focused on adjusting the oxygen binding energy (tuning the d-band center)
through alloying-induced strain effects (Figure S.3b) using a number of different noble and tran-
sition metals. Alloying brings the additional benefit of reduced cost by reducing Pt-loading when
alloyed with cheaper metals. Alloying has also been used to engineer the nanostructure of Pt-
based catalysts through the design of core-shell bimetallic Pt particles, composed of a monolayer
shell of Pt and a non-Pt core made of precious and/or transition metals (Ir, Pd, Au, Ni FeCu,
etc.).[112, 274, 209, 198, 271, 235] These approaches optimize Pt use, while using the nanostruc-
tured core as a template for maximizing the preferential orientation of the highly active (111) face.
While a more in depth summary of Pt catalysts is warranted, it is well beyond the necessary scope
of this thesis. Thus, I encourage the reader to explore this massive sphere independently.
2.2.3 Oxygen Evolution
In addition to proliferating energy conversion applications such as fuel cells, it is critical
to establish an infrastructure that can facilitate large-scale generation and storage of hydrogen fuel.
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Efficient electrochemical systems for generating hydrogen fuel through water oxidation have been
highly sought, most prominently through electrical electrolysis and systems that facilitate solar-
to-fuel conversion. However, current electrolysis systems suffer from low efficiencies and current
outputs imposed by the large kinetic threshold of oxidizing water to generate oxygen. Efforts to
optimize OER efficiencies have culminated into several studies on bulk and molecular catalyst
systems for photo and electrical electrolysis.[23, 43, 143, 116, 261]
In the same fashion as PEMFCs, the harsh acidic environment in proton-exchange mem-
brane electrolyzers severely limits the availability of compatible catalysts to a select group of noble
metals (e.g. Pt, Rh, Ir, Au).[23] Iridium (Ir) and IrO2 are considered the benchmark catalysts for
PEM electrolyzers due to their high stability and strong catalytic activity.[42, 32, 31, 100, 59] How-
ever, Ir is among the rarest and most expensive noble metals within the earths crust (less abundant
than both Pt and Au). Accordingly, ongoing research has focused on minimizing Ir loading by
mixing with less expensive elements.[168, 169, 278] Ruthenium (Ru) and RuO2 are another set
of highly active catalysts that exhibit even stronger OER activities than Ir/IrO2.[119, 31] Despite
this, Ru and RuO2 are susceptible to corrosion in acidic media, resulting in the formation of RuO4
compounds, which can subsequently react further to form various other undesired complexes with
the surrounding reactants.[23, 119, 43, 30] Regardless, many have sought to better stabilize RuO2,
mostly through mixing.[6, 154, 142]
2.3 Alternative Alkaline Oxygen Catalysts
Given the high cost and scarcity of Pt and Ir, their long-term commercial application
as oxygen catalysts is unsustainable. Recently, efforts to replace Pt and Ir with alternative elec-
trocatalysts, while limited for applications associated with proton-exchange membrane (PEM)-
based systems, have rapidly expanded for alkaline-based electrochemical systems due to the large
library of materials that are chemically stable at higher pH environments. Although research
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on traditional alkaline fuel cells (AFCs), which relied on aqueous KOH electrolyte, have been
largely displaced by PEMFCs due to severe durability issues associated with irreversible carbonate
degradation,[24, 78] growing interests in modern AFCs that use ionomer-based anion-exchange
membranes[91, 254, 253] have consequently revitalized interests in non-Pt ORR/OER catalysts.
2.4 Alkaline ORR/OER
In alkaline media, the reduction of oxygen reaction (direct or series) is now shown as:
O2 + H2O + 4e− → 4OH− Direct Pathway (2.2)
O2 + 2H+ + 2e− → 2H2O2 S eries Pathway
H2O2 + 2H+ + 2e− → 2H2O
(2.3)
Catalytic behavior can drastically change when the pH of the electrolyte increases due to the shift
in the working potential, which can affect the rate-limiting mechanisms of ORR and OER.[226]
Based on the Nernst equation, the potential shifts by -0.059 V per unit pH with respect to the
standard hydrogen electrode (SHE) as the relative concentrations of H+ and OH- change. A
shift in the working potential can change the local double layer structure and electric field at
the electrode/electrolyte interface, affecting the adsorption strengths of charged and uncharged
species.[226] For instance, in the case of Pt, the more negative working potential under alkaline
conditions lowered the binding energy of the non-reactive support anions, resulting in faster ORR
kinetics.[226] Conversely, an acidic environment induced greater surface coverage of adsorbed
support anions, reducing the active area and overall catalytic activity.
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Figure 2.5: Volcano plot fo lanthanum and barium-based perovskites.[81]
2.5 Metal-Oxide Catalysts
Metal oxides represent a major class of materials found in several applications in ar-
eas related to energy, electronics, medicine, infrastructure, and aerospace. They exhibit prop-
erties that span a wide spectrum due to their high structural complexity, tunability, high degree
of mixing, and tolerance for disorder. Among several subclasses of metal oxides include sys-
tems that are strongly active for ORR/OER. The subset of potential metal oxide catalysts in-
cludes binary oxides (MnOx, NiO, Co3O4)[68, 110, 136], and complex bimetallic oxides with
perovskite[283, 81, 238], spinel[122], and pyrochlore[95] structures. For example, select sub-
stituted perovskites (A1-xAxB1-yBO3) (A=La, Ca, Ba; B = Fe, Co, Mn, Ni, Sr, etc.) have been
reported as active oxygen catalysts, most notably lanthanum (LaMO3, M=Fe, Co, Mn, Ni, Sr,
Ca, etc.) and barium-based (BaMO3, M=Fe, Co, Mn, Ni, Sr, Ca) oxides.[81, 238, 239, 2, 243]
Many of these oxides have also demonstrated some degree of cataltyic tunability through doping
and defect formation. For instance, Sunitivich et al. demonstrated the catalytic tunability of sev-
eral La-perovskites based on Sabatiers principle, showcasing the effects of B-site doping on the
occupation of the eg orbital descriptor, identifying optimal activities (volcano plot).[238]
Other oxide catalysts of interest include transition-metal spinels (AB2O4). In particular,
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cobalt-based spinels such as Co3O4, NiCo2O4, and CoxMn3-xO4 have received attention for their re-
portedly strong bifunctional activities.[122, 106] Other notable oxide catalysts include manganese
oxide (MnOx)[92, 195], manganese-containing bimetallic oxide systems and composites[50, 49],
and Pb-containing pyrochlores (A2B2O6O′x), most notably Pb2Ru2O6.5.[95, 97]
Despite some promising features associated with metal oxides, there are some notable
limitations. Although many prominent metal oxides show promising catalytic properties for ORR
and OER, most have yet to consistently reach the catalytic performance of Pt and Ir. Moreover,
with the exception of a few oxides that exhibit some metallic behavior, such as IrO2 and RuO2,
most oxides are poor electronic conductors. Consequently, most oxides rely on a well-dispersed
conductive support such as carbon, though carbon is relatively unstable in alkaline media.[140]
Oxide nanoparticles also have a relatively low active surface areas, though maximizing and tun-
ing the specific surface area has been extensively explored through different synthesis methods,
yielding particle systems consisting of microspheres, urchin-like, nanowire arrays, rod-like, and
3D hierarchical porous structures.[238] But despite these current set of challenges, metal oxides
continue to be one of major areas of interest in catalysis research.
2.6 Bifunctional Catalysts: Oxide Pyrochlores and Mn-Ruthenates
As previously mentioned, this research is centered on two oxide systems that were eval-
uated as bifunctional catalysts: pyrochlores ((Bi,Pb)2(Ir,Ru)2-x(Bi,Pb)xO6 O′y), and Mn-doped
RuO2 (MnxRu1-xO2-y). In particular, MnxRu1-xO2-y demonstrated remarkably strong bifunctional
activity comparable to Pt for ORR and RuO2 for OER. Lead (Pb)-iridium (Ir) pyrochlores
(Pb2Ir2-xPbxO6O′y) were evaluated to demonstrate and validate our combinatorial high-throughput
methodologies for screening ORR/OER catalytic activity.
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2.6.1 Manganese-Ruthenates
We evaluated thin film composition libraries of manganese-ruthenium oxide as bifunc-
tional catalysts using a set of high-throughput electrochemical and characterization techniques. As
previously summarized, both MnOx and RuO2 are highly active for ORR/OER. RuO2 is regarded
as one of the most active OER catalysts, while different compounds and polymorphs of MnOx
has been widely reported to exhibit bifunctional activity. The combination of both, unsurprisingly,
showcased synergistic catalytic enhancements relative to pure RuO2 and MnOx (See chapter 5 for
manuscript). More specifically, the combination of both materials formed a highly active single-
phase MnxRu1-xO2-y (0.02 < x < 0.45), which has never been previously reported up to this point.
Manganese oxide (MnOx) is an attractive bifunctional catalyst for its high abundance, low
toxicity, and low cost.[110, 127, 22, 29, 68, 173, 234, 221, 163, 276, 45, 275, 28, 21, 50, 92] Previ-
ous studies reported promising, but widely disparate activity results based on the different valence
states, phase structure, polymorphic structure, composition, and morphology of various MnOx
compounds.[45, 149] For instance, α-Mn2O3, MnOOH, Mn3O4, and certain polymorphs of MnO2
have been identified as active ORR catalysts while MnO is comparatively inactive.[127, 146, 128]
Cheng et al. describes various structures of pure MnO2 and their catalytic activities[28] while
Gorlin et al. found nanostructured Mn2O3 to be particularly active for both ORR and OER.
Furthermore, interests in Mn-based catalysts also extend to ternary Mn-metal oxides (spinel,
perovskites)[122, 106, 133, 27, 238], Mn-oxide/metal composites[179, 50, 49], and Mn-doped
carbon nanomaterials.[250] Li et al. among several others reported highly active cobalt manganese
oxide spinel (CoMn2O4) catalysts deposited on reduced graphene oxide.[122] Physical mixtures
of MnOx with other oxides, carbon nanostructures, and metals (e.g. Pd, Ag)[179] have also been
shown to exhibit synergistic enhancements attributed to combinations of dual active sites of the
constituent materials, improved electron transfer, and electronic coupling effects.[238]
Ruthenium oxide, which has a tetragonal rutile unit cell structure (Figure S.6), in addition
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Figure 2.6: Rutile atomic structure. Saved from https://cbc-wb01x.chemistry.ohio-state.edu/ wood-
ward/ch754/struct/TiO2.htm on 12/04/2017
to being one of the most active OER catalysts, is one of the few oxides that exhibits metallic
behavior.[216] Although RuO2 is relatively scarce, it is comparatively less expensive than several
precious metal catalysts including Pt, Pd, Ir, and Au. Without compromising its catalytic activity
and electronic conductivity, there have been interests in using RuO2 as a host material to different
transition metals (e.g. Ni, Co, Fe, Zn)[184, 183, 122]. However, few have studied mixed Mn-
Ru oxide as potential bifunctional electrocatalysts.[158, 157, 79, 102] One study not related to
catalysis explored Mn as one of the theoretical dopants for stabilizing a high-pressure fluorite-
cubic polymorph of RuO2.[98] However, there is currently no known phase database or reports
of an atomically mixed Mn-oxide and RuO2 system. Jang et al. synthesized and evaluated a
physically separated mixture ofα-MnO2 and RuO2 as evidenced by the distinct set of XRD patterns
corresponding to the aforementioned phases.[102] Guo et al. also describes an oxide catalyst
system containing γ-MnO2 and RuO2 which also showed no evidence of atomic mixing.[79] The
absence of any study or phase database on a mixed Mn-Ru oxide system strongly suggests that the
two systems are immiscible, which is bolstered by the resulting samples synthesized in Guo and
Jangs work. Thus, this system, under certain fabrication methods, yields a likely metastable mixed
Mn-doped rutile system.
34
2.6.2 Pyrochlores
While not as prolific as perovskites and spinels, pyrochlores represent another major oxide
system of interest for a number of different applications, including oxygen catalysis. Pyrochlore
catalysts were first identified by Dr. Horrowitz et al., who discovered a series of specific com-
pounds (Bi2Ru2-xBixO7-y and Pb2Ru2-xPbxO7-y) and combinations thereof that exhibited remarkably
strong catalytic properties for ORR and OER.[95] Consequently, their uniquely tunable structure
and catalytic properties continues to spur a consistent output of catalyst research.
Figure 2.7: Pyrochlore structure (A2B2O7). Saved from http://www.chemtube3d.com/solidstate/SS-
Pyrochlore.htm on 12/04/2017
Pyrochlore Structure
A pyrochlore is a ternary oxide with an ideal formula of A2B2O7, belonging to a family
of phases iso-structurally based on the (NaCa)(NbTa)O6F/OH mineral.[236] Figure S.7 shows an
illustration of a typical pyrochlore structure. There are around 150 distinct pyrochlore compounds,
which are predominantly cubic and ionic in nature. The A-site cations (∼1 Å radii), which are
generally larger than the B-site cations (∼0.6 Å radii), range from rare earth elements to elements
with inert lone-pair electrons, while B-site cations range from transition metals to post-transition
metals, with oxidation states ranging from +2 to +5.[236] The pyrochlore structure, much like per-
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ovskites, has a high tolerance for disorder and defect formation, which includes oxygen vacancies
and cation substitution, both of which have been found to affect several material properties.[67]
The unit cell of an ideal pyrochlore structure contains 8 compounds (88 atoms) with a cubic space
group of Fd3m, and a lattice constant ranging from ∼10 to ∼11 Å depending on the size of the
cationic species, and the degree of disorder due to lattice distortion, cationic substitution, and
defect concentration. Pyrochlores contain four crystallographically non-equivalent atomic sites,
which includes 2 non-equivalent oxygen anionic sites. To distinguish the 2 anionic sites, many
represent the formula as A2B2O6O′, illustrating O and O′ as non-equivalent sites. This represen-
tation is often convenient for non-stoichiometric pyrochlores containing oxygen vacancies, which
are almost exclusively located at the O′ sites within the sublattice.
Many describe the pyrochlore structure as an interpenetrating network of corner sharing
BO6 octahedra and linear A2O′ chains. The structure has a network of 8-fold and 6-fold coor-
dinated oxygen anion polyhedral around each A and B-site, respectively. Others have described
the structure as an anion deficient fluorite unit cell.[3] The A-site polyhedral is a scalenohedra
(distorted cube), and contains 6 equally spaced O anions and 2 equally spaced O′ anions, which
are slightly closer in distance to the A-cation, though the A-O′ and A-O distances are equal if
the A-site polyhedra conforms to a cubic coordination. The smaller B-site cations generally have
a trigonal antiprism coordination with the O anions, which are equally spaced from the central
cations. The B-O-B bond angles are buckled at around 120-140° in contrast to the perovskite’s
B-O-B angle of 180°, while the A2O′ is a linearly coordinated network to a tetrahedrally shared O′
atoms within the A2O′ network.
To elaborate more on the pyrochlore structure, one previously inferred feature is the vari-
ation in the coordination geometry around the A and B-sites depending on the placement of the
O-sites within the crystal structure. The distribution of the O-sites is quantified by the x-parameter,
which is limited between 0.3125 and 0.375. For instance, at 0.3125, the B-site polyhedra conforms
to a perfect octahedral geometry while the A-site polyhedra are distorted to form hexagons of six
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O anions, whose plane is perpendicular to the A-O′ axis. For x = 0.375, the A-site polyhedra
have a perfect cubic coordination while the B-site polyhedra have a trigonal antiprism geometry.
Consequently, both the A-site and B-sites cannot simultaneously have an octahedral coordination
and a cubic coordination polyhedral.
Figure 2.8: Polarization curve comparison between Pb2[Ru1.42Pb4+0.58]O6.5 and 15% Pt on
carbon.[95]
Oxygen Catalysis
The most attractive pyrochlore feature is the ability to ostensibly tune a wide range of
physical properties due to their high degree of structural distortion, defection formation, and
cationic doping, underscoring their substantial application value. For instance, pyrochlores have
been shown to be insulating, semiconducting, and even metallic in behavior. Other examples
include pyrochlores that are strong refractories, and lanthanide-containing pyrochlores that are flu-
orescent and phosphorescent. In the case of oxygen catalysis, a series of pyrochlores compounds
([Pb,Bi]2[Ru,Ir]2-x[Pb,Bi]O6O′y) have demonstrated strong catalytic activity, as well as high elec-
tronic and ionic conductivity, which are enabled by the conductive RuO6/IrO6 network, and high
oxygen vacancy (O′-sites) concentration, respectively.[277, 240, 190, 186, 144, 135, 95, 97, 60,
51, 48] Consequently, this became one of my major material systems of interest for combinatorial
high-throughput electrochemical testing (See Chapter 6).
Initial oxygen catalyst studies on pyrochlores as cathode catalysts for fuel cells were
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performed by Horowitz et al. in the early 1980s.[95, 97] He first reported Bi2Ru2-xBixO7-y and
Pb2Ru2-xPbxO7-y as active catalysts for ORR and OER in alkaline conditions.[95, 97], which were
synthesized using his patented co-precipitation synthesis method. Figure 5.8 shows a polarization
curve of a Pb4+-doped Pb2[Ru1.42Pb4+0.58]O6.5, demonstrating slightly better performance com-
pared to a 15 wt.% Pt carbon black mixture.[95] Since then, many have sought to integrate py-
rochlores into existing fuel cells systems, often citing Pb2Ru2-xPbxO7-y as being the most active
pyrochlore compound.[277, 190, 185] In more specific cases, researchers studied the effects of
pyrochlore B-site substitution[277, 96], vacancy concentration[60], and pH[67] on the catalytic
activity and mechanistic behaviors. For instance, Goodenough et al. indirectly demonstrated
the effects of pH on the oxygen reaction pathways, inferred by the degree of surface protonation
measured by the mean surface-charge density, which provided some evidence of changing active
sites.[67] For composition, Zen et al. studied the effects of both pH and B-site doping composi-
tion of Pb2Ru2-xPbxO7-y and Bi2Ru2-xBixO7-y on ORR and OER catalytic activity.[277] They found
an optimum concentration of x∼0.26 for the Pb2Ru2-xPbxO7-y, postulating the Ru-Ob-Pb bridging
oxygen as the active site under acidic conditions.[277] Although pyrochlores have been shown to
suffer stability issues under aqueous acidic conditions, some have reported better chemical stability
when bonded to Nafion, or ostensibly any polymer-based proton-exchange membrane.[277, 67]
In this study, we evaluated a Pb-Ir oxide composition spread system, which encompasses
the Pb2Ir2-xPbxO7-y compound over a certain composition range, which has also been reported as
a fairly activite bifunctional catalyst.[115, 135, 111] Despite the greater economic incentive in
evaluating Pb2Ru2-xPbxO7-y due to the lower cost of the constituent materials (Ru and Pb) and the
high scarcity of Ir, Pb2Ir2-xPbxO7-y, or more broadly a Pb-Ir oxide composition spread, became a
suitable sample for study using the available high-throughput electrochemical and characterization
methods. Chapter 6 discusses the work done on this material system.
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2.7 High-Throughput Electrocatalyst Research
Systematic discovery of new catalyst materials represents an overwhelmingly daunting
task given the sheer breadth of existing materials, especially when conventional test methods im-
pose considerable time and resource constraints. Accelerating the process of evaluating new cata-
lyst materials while navigating through nearly limitless material combinations, coupled with their
own set of unique structural and chemical properties, highlights the full necessity of employing
high-throughput combinatorial techniques as a complementary approach to catalysis research. Ini-
tially confined to areas centered on rapid drug testing, high-throughput research has branched off
to other scientific disciplines, becoming a major paradigm in experimental and theoretical[72] ma-
terials science, most notably for the materials discovery initiative.
Consider a new material system composed of 2 or more compounds. This unknown ma-
terial may (or may not) yield interesting catalytic properties, which may (or may not) be optimized
within a narrow composition band. For a traditional electrochemist, exploring this material′s com-
position space requires synthesis of separate sample batches that incrementally span a set com-
position range, which will invariably incur substantial time and energy. Not only is the approach
woefully inefficient, the material system in question throughout the measured composition space
may turn out to be catalytically inactive, thus completely undercutting the entire effort. In con-
trast, a high-throughput approach facilitates rapid synthesis of sample forms comprised of material
combinations that span highly resolved and wide-ranging composition libraries (e.g. composi-
tion spreads, discrete material libraries). These composition libraries undergo modified electro-
chemical techniques designed to simultaneously or serially measure the catalytic activity of the
entire library, identifying the most active compositions. Unsurprisingly, high-throughput electro-
chemistry has become an effective and crucial approach to screening and discovering new catalyst
materials.[152, 187, 213, 162]
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2.7.1 High-Throughput Synthesis
There are several approaches to synthesizing material systems conducive to high-
throughput electrochemical testing.[152] While high-throughput research is broadly applicable to
material libraries distinguished by one or multiple parameter(s) (e.g. composition, grain size, par-
ticle size, film thickness, defect concentration, etc.), the bulk of combinatorial research centers
on composition libraries, where new material combinations are concieved and synthesized, with
composition being the primary tunable parameter. Thus, various combinatorial sample forms have
been explored, including powders, liquids, thin films, and bulk materials.
(a) (b)
(c)
Figure 2.9: Composition spreads fabricated from (a) co-sputtering, (b) pulsed laser deposiition. (c)
Discrete binary composition library fabricated from shadow masks.[152]
For thin films, several known techniques have been used to create composition libraries,
including co-sputtering, pulsed laser deposition (PLD), evaporation, and chemical vapor depo-
sition (CVD). One common sample form is a composition spread thin film, where the entire
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film is composed of an intermixed system with a continuous composition gradient across the
substrate.[152, 76, 74] One of the more common ways to fabricate composition spreads is co-
sputtering (Figure 4.9a) from multiple sources simultaneously onto a single substrate. The forma-
tion of the composition gradient is facilitated by the configuration of the sputter sources, which are
oriented in a manner that ensures non-uniform deposition across the substrate. Another method in-
volves PLD, where deposition is achieved using a high-powered excimer laser. Some PLD systems
have a dual excimer laser system to facilitate simultaneous deposition, but most systems are limited
to sequential deposition (Figure 4.9b) accompanied by moveable masks designed to create thick-
ness wedges.[152] Another method that is worth mentioning is evaporation from multiple sources
using shadow masks to create that spatially uneven deposition.[152] One of the major benefits of
evaporation relative to co-sputtering is greater control of the deposition conditions.
In addition to composition spreads, sample forms may be comprised of an array of
discrete composition libraries, which are formed using specially designed masks. For in-
stance, figure 4.9c shows a discrete binary composition library synthesized sequentially using
a series of shadow masks. Fabricating discrete libraries is most commonly achieved through
liquid deposition from inkjet printing or pipettes due to their relatively low cost and simple
implementation.[193, 211, 205] The liquid medium renders an intimate mixture between con-
stituent precursors, which crystallize in conjunction with full evaporation annealing. These ap-
proaches are generally applicable to a wide range of materials, even metal oxides.[132, 120]
2.7.2 High-throughput Electrochemical Testing
Since the adoption of high-throughput electrochemistry, there have been a number of
ingenious cell designs built either for serial or parallel catalytic screening. For parallel screen-
ing, optical electrochemical techniques have become the popular method for measuring cataltyic
activities of various known electrochemical processes, including methanol, hydrogen, and ethanol
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oxidation; oxygen reduction and evolution; and photocatalytic.[76, 193, 130, 63] Moreover, optical
screening was one of the flagship techniques within the van Dover laboratory, used by many of the
previous graduate students.[182, 242, 77] Optical screening, which will be discussed in greater de-
tail in Chapter 3, incorporates an indicator that fluoresces under a certain chemical process within
the diffusion layer of the sample surface. The fluorescence is then captured by a CCD camera,
spatially resolving areas of high catalytic activity depending on the lifetime and intensity of the
fluorescence. Smotkin and Mallouk pioneered this clever way of capturing catalysis-activated flu-
orescence using a quinine compound as the indicator, demonstrating its utility on several active
materials for methanol oxidation.[193]
(a) (b)
Figure 2.10: Combinatorial fluorescence test for oxgyen evolution catalysis.[63, 64]
Another variation of fluorescence, particularly for ORR imaging, captures electrochemi-
luminescence (ECL) at the anode to image the anodic currents in response to the reduction reaction
at the cathode array.[130] They measured the ECL intensity of an array of Pt anodes submerged
in electrolyte mixed with a Ru(II)+tripropylamine complex. Figure 4.10a shows the array of ORR
catalysts coated on glassy carbon, each connected to a Pt anode. At an overpotential within the
mass-transport-limited cathodic regime, the ECL intensity of the anode array is measured and con-
trasted by a CCD camera. Other researchers have used fluorescence to spatially resolve oxygen
evolution catalysis.[63, 64] In one study, Gerken et al. employed a stainless steel mesh situated
parallel to the catalyst array, which were deposited onto conductive FTO coated glass. The mesh,
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which was coated with a special paint used to visualize the air flow across the aerodynamic sur-
faces, contained a fluorescence compound sensitive to oxygen (Figure 4.10b).
One of the major challenges with electrochemical fluorescence is measuring in analyte
with a narrow and near-neutral pH window. This is problematic for most catalysts, because a
neutral pH is not applicable to real systems (i.e. fuel cells, batteries), which operate under more
extreme conditions (high or low pH). Moreover, catalytic reaction pathways have been known
to change when transitioning from acidic to basic conditions, resulting in disparities in catalytic
activity between high and low pH. Thus, a particular catalyst library, while highly active under a
fluorescence test, may ostensibly be less active when incorporated into a lower pH environment,
such as a PEM fuel cell.
Non-fluorescent optical methods have also been explored. For instance, Fosdick et al.
evaluated ORR and HER catalysis of inkjet printed catalyst libraries by measuring the degree of
dissolution of Cr micro-bands, which dissolve under anodic potentials that are dependent on the
cathodic loading of the catalyst.[58, 57] The number of micro-bands dissolved corresponded to
how active the catalyst is. For OER, Xiang et al. used a camcorder to measure and record the
oxygen bubbles evolving from the catalyst library, which he demonstrated on a (Ni-Fe-Co)Ox
library.[273]
(a) (b)
Figure 2.11: (a) Multi-electrode array for oxygen reduction.[36] (b) Multi-electrode cathode array
for lithium-ion batteries.[39, 56]
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Another common parallel cell designed is a multi-electrode array connected to a multi-
channel potentiostat (Figure 4.11a).[36] In general, these methods offer a more quantitative ap-
proach to catalysis screening. The cell design generally consists of discrete composiition libraries
deposited onto and array of conductve pads, which can be tested independently as isolated cells,
or simultaneously within a common electrolyte. Several catalyst researchers have adopted some
form of the multi-electrode array design.[35, 280, 88] For instance, Dahn et al. designed a multi-
electrode array of sputtered cathode materials for Li-batteries (Figure 4.11b).[39, 56] Overall, the
full discussion of parallel screening, optical and non-optical, is well beyond the necessary scope
of this thesis. The examples that were briefly discussed still represent a relatively small subset of
high-throughput electrochemical techniques.[228, 268, 269, 244, 206, 89, 233]
Serial methods are another popular approach to high-throughput catalytic screening. Cur-
rently, the two most prominent methods include scanning electrochemical microscopy (SECM)
and scanning droplet cells. These methods involve automated scanning of ultra-micro electrode
(UME) probes across a sample surface. For SECM, the entire library is immersed in electrolyte,
while the electrolyte in the droplet cell is locally contained around the electrode probes.
(a) (b)
Figure 2.12: SECM feedback model for hydrogen oxidation reaction (HOR).[137] (b) Three-
electrode droplet cell.[134]
In SECM, electrochemical currents are locally measured using a moveable ultra-micro
electrode (UME) tip that is scanned across the sample surface while the entire sample is im-
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mersed in electrolyte. This method has been used in studies related to ORR[55], HOR[103],
and OER[155], rendering high-resolution activity maps of the entire catalyst library. One com-
mon mechanism for SECM is the feedback mode (Figure 4.12).[137, 134] For instance, when
screening hydrogen oxidation reaction (HER) catalysis, a UME tip hovers above the substrate,
which is maintained at a potential of 0 V (vs. RHE), while the tip is held at a potential within the
diffusion-limited regime for HER.[137] The evolved hydrogen from the UME tip diffuses toward
the substrate, subsequently oxidizing into protons, which in turn diffuse back to the probe, reduc-
ing back to hydrogen. The added reduction current quantifies the HER activity of the local surface.
The feedback mode is similarly used for ORR catalysis studies, where the UME probe generates
oxygen, which then reduces at the substrate surface.[134] The difference in this case is that the
current is directly measured at the substrate.
One of the major limitations with SECM is subjecting the entire catalyst library to analyte
solution, which may chemically change the surface over time, especially if the entire test takes sev-
eral hours. Thus, the droplet cell design deviates from SECM by having the electrolyte contained
around the probe and locally interfaced with the measured surface (Figure 4.12. For example, a
droplet cell designed may consist of a three-electrode cell within a microliter volume of electrolyte,
which can be measured and refreshed at any given time.[134] When the setup is fully automated,
it becomes a powerfully versatile tool for measuring catalysis across several composition libraries,
discrete or continuous.
2.8 Closing Summary
This research centers on addressing the major kinetic limitations of oxygen reduction and
evolution. Both reactions are major performance inhibitors, and currently employed commercial
catalysts constitute a major fraction of the overall cost of fuel cells, air batteries, and electrolyzers.
Active research on suitable oxygen catalysts for both acidic and alkaline systems has spawned sev-
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eral studies on unique catalyst systems that either minimizes Pt and Ir-loading, or eliminate them
altogether. These alternative catalysts span a wide spectrum of material classes such as non-Pt met-
als, composites, doped-carbon nanomaterials, and metal oxides. In this study, we focused on dis-
covering new and unique metal oxide catalysts through the application of various high-throughput
electrochemical techniques. Most notably, we extensively evaluated two unique oxide systems: a
mixed Mn-Ru oxide, which exhibits remarkably strong catalytic properties, and Pb-Ir oxide, which
became a suitable system for demonstrating the arsenal of modified and standard electrochemical
and characterization techniques available at Cornell. Lastly, this work demonstrates the proven
utility of high-throughput electrochemistry for the rapid discovery of new catalysts materials syn-
thesized from modified deposition methods for creating composition libraries, which were then
subjected to a variety of electrochemical techniques derived from well-designed parallel and/or
serial test methods.
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CHAPTER 3
ELECTROCHEMICAL TECHNIQUES
3.1 Introduction
A well-designed, well-controlled electrochemical system is crucial for acquiring accurate
and reproducible information regarding the underlying factors that govern electrochemical behav-
ior. While there are several different electrochemical techniques (e.g. chronoamperometry, cyclic
voltammetry, rotating disk electrode, electrochemical impedance, etc.) that serve to analyze differ-
ent processes, they broadly share the same basic experimental setup, which consists of a core test
apparatus (electrochemical cell) connected to a potentiostat that both perturbs and measures the
cell output (i.e. current, potential). Whether the test cell is operating under galvanic or electrolytic
conditions, the controlled output reveals qualitative and quantitative information regarding the be-
havior of faradaic (e.g. redox concentration, reaction kinetic parameters, pseudo-capacitance),
non-faradaic (e.g. double-layer charging, specific and non-specific adsorption, capacitance, etc.),
and mass-transport (e.g. diffusion, migration, convection) processes. This chapter will therefore
discuss the basic test setup for an experimental cell, along with a brief summary of the most com-
mon standard electrochemical techniques. Most importantly, this chapter will detail the custom-
built test cells and modified electrochemical techniques that were developed within the van Dover
laboratory by which we utilize high-throughput testing.
3.2 Experimental Electrochemical Cell
The prototypical electrochemical cell consists of two electrodes (i.e. anode, cathode)
separated by ionically conductive electrolyte (See Appendix I). The thermodynamic state (Nernst
equation) of an electrochemical cell is controlled by the potential difference between the two elec-
47
trodes. Thus, deviating from the equilibrium potential will electrochemically drive the cell to reach
a new chemical state through faradaic and/or non-faradaic processes. Experimental cells are gener-
ally designed as half-cells with a designated working electrode (WE) and reference electrode (RE).
During an experiment, the applied potential is measured and controlled by the WE against the fixed
potential of the RE. Accordingly, electrochemical behavior is measured at the WE/electrolyte in-
terface.
The RE functions as a fixed reference point to the WE by maintaining a fixed potential
that’s stable over a wide WE potential range, with little potential drift during the passage of current
across the RE/electrolyte interface (ideally non-polarizable). The standard RE is known as the
standard hydrogen (H2) electrode (SHE). The SHE refers to the following hydrogen redox half-
reaction:
2H+(aqs) + 2e− 
 H2 (3.1)
Although SHE has an absolute potential of 4.44 ± 0.02 V at 25 °C [7, 284], its formal potential E0
is designated as zero to establish a practical potential scale.
Figure 3.1: An illustration of an normal hydrogen electrode (NHE), consisting of platinum dipped
in acidic solution. The concentration of H+ and fugacity of H2 are at their standard states (E=E0=0).
Taken from URL: https://chem.libretexts.org/LibreTexts/Northeastern/ on 09/27/2017.
In practice, the SHE represents a more theoretical RE rather than a phyical one. A physi-
cal setup that approaches the SHE scale is known as the normal hydrogen electrode (NHE), which
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Reference Materials Reaction Potential
(V vs. NHE)
@ 25 ◦C
Calomel (SCE) Hg/Hg2Cl2,
KCl (sat’d)
Hg2Cl2 +2e- 
 2Hg(liq) + 2Cl- 0.241
Silver/Silver
Chloride
Ag/AgCl,
KCl (sat’d)
AgCl+e- 
 Ag(s) + Cl- 0.197
Mercury/Mercury
Oxide
Hg/HgO,
NaOH (1M)
HgO + H2O + 2e- 
 Hg + 2OH- 0.140
Silver/Silver
Sulfate
Ag/Ag2SO4,
H2SO4 (1M)
Ag2SO4 +2e- 
 2Ag(s) + SO42- 0.710
Hydrogen H+/H2,
Acid (1M)
2H+ + 2e- 
 H2(g) 0
Table 3.1: Common reference electrodes
consists of a large area platinum metal electrode, one of the most active catalysts for H2 reduc-
tion/oxidation, immersed in 1M acidic aqueous solution with H2 bubbled near it; both the H2
fugacity and H+ ion concentration maintains standard activities, respectively (See Figure S.1). The
subtle difference between SHE and NHE is related to the difference in ionic behavior within the
electrolyte. More specifically, the SHE solution assumes that the H+ does not interact with other
ions, which is not tenable for concentrated systems. Another practical scale is the reversible hydro-
gen electrode (RHE), which is pH independent by theoretically matching the pH of the electrolyte
that interfaces with the WE. The RHE scale can be quantitatively converted from the NHE scale
by -59 mV/pH.
Table 8.1 shows a list of common RE materials with fixed potentials measured against
the NHE. These systems are known for their stability over a wide applied potential range. One
common RE that was used extensively in this work is a silver/silver chloride (Ag/AgCl), which
consists of a solid Ag coated with AgCl and immersed in potassium chloride (KCl) solution. The
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concentration of KCl affects the measured potential value vs. NHE, thus, most KCl solutions are
saturated to remove ambiguity regarding its potential (0.197 V vs. NHE). Regardless of which
RE is used during an experiment, potentials can be adjusted to a different scale. For instance, the
measured potential vs. a saturated Ag/AgCl RE can be converted into the SHE scale by offsetting
the measured potentials by 0.197 V (not counting any pH correction).
Figure 3.2: A three-electrode configured cell.[192]
3.2.1 Three-Electrode Cell
One of the major challenges with a two-electrode cell is the possible drift in the RE poten-
tial during an experiment due to the passage of high currents across the RE/electrolyte interface.
This convolutes the potential measurement, negating the primary function of the RE. Moreover,
the electrochemical output at the WE is limited by the kinetics of the counter-reaction at the RE.
Thus, many experimental cells are equipped with an additional high surface-area auxiliary elec-
trode, or counter electrode (CE), which is situated near the WE to function as a current collector
in order to balance the output of the WE. The potential between the WE and CE varys to compen-
sate the charge-transfer that counters the current across the WE. Consequently, the WE current is
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no longer limited by the counter current across the RE since the output. Moreover, any faradaic
activity across the RE is now minimized, reducing issues associated with potential drift. The three-
electrode setup is often the preferred configuration for voltammetry-based measurements, where
the focus is on measuring the electrode processes at the WE. However, a two-electrode setup can
be sufficient if the measured current is very low (∼1-10 nA or µA)[7], which is achieved with
microelectrodes.
3.2.2 Uncompensated Resistance
A common challenge that must be factored into the design of an experimental cell, espe-
cially if the current outputs are high, is minimizing uncompensated resistance (UR), which repre-
sents energy loss from an unaccounted Ohmic (i.e. Eu = iRu) drop across the cell. The potential
drop due to UR is a linear function of both current output and the resistivity of the electrolyte
(Ru = ρL/A). Not only does the iRu drop increase with current, the overall resistance across the
electrolyte increases with distance between the WE and RE. If not properly corrected, UR can
significantly decrease the accuracy of the measured applied potential.
EMeasured = ECell + iRu (3.2)
For instance, during a linear voltammetry scan in which the potential changes at a constant rate, the
actual cell potential versus time can deviate from the expected linear progression as the iRu changes
with the measured current output. Additionally, high UR can also cause significant potential lag
due to non-instantaneous capacitive effects from electrode charging/discharging, which has a time
constant of RuCl. This induces greater error at faster scan speeds.
EActual = EApplied
(
1 − e −tRΩCl
)
(3.3)
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While not trivial, UR can be corrected if the resistance of the electrolyte is properly mea-
sured using some form of electrochemical impedance techniques, typically in supporting elec-
trolyte without the presence of analyte. A common way of reducing UR is by increasing the
concentration of non-reactive supporting ions within the electrolyte, which effectively reduces the
migration path length when the cell is perturbed. Another way to reduce UR is placing the RE
close to the WE, thereby reducing the overall resistance drop across the electrolyte. Operating at
low currents (∼ 1-10 nA or µA) will also reduce iRu, which is generally the case when measuring
with ultra-micro electrodes (UME).
(a) (b) (c)
Figure 3.3: (a) The potential step curve. (b) Transient concentration, CO, gradient over time, t. (c)
Current vs. time.[7]
O + e− 
 R (3.4)
3.3 Chronoamperometry
The most fundamental electrochemical technique is chronoamperometry, which measures
the cell current as a function of time when the perturbed to a fixed potential. Figure S.3 illustrates
chronoamperometry of a simple facile redox reaction (Eq. A.4), where the output current is fully
governed by diffusion. Consider the response of an initially static electrochemical system that
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is instantaneously changed from an initial potential, E1, to a more negative potential, E2 (Figure
S.3a). The cell becomes immediately perturbed, resulting in the reduction of O species to R. Con-
sequently, the surface concentration, CO, immediately depletes, creating a transient composition
gradient relative to the bulk, CO*. There is an immediate spike in the reduction current, which
decays as the flux of O decreases due to the change in the concentration gradient over time (Figure
S.3c).
(a) (b) (c)
Figure 3.4: (a) Series potential steps. (b) Series current-time curves. (c) i vs. potential half-wave
at time τ.[7]
3.4 Sample-Current Voltammetry
In practice, a more complete experiment involves multiple chronoamperometry measure-
ments at multiple potentials, which are incrementally changed over a defined range. This is known
as sample-current voltammetry (SCV). Consider the behavior of the cell (Figure S.4) when multi-
ple chronoamperometry measurements are made at increasingly more negative potentials (Figure
S.4a), which in this case is near the formal potential, E0
′
. When the current-time curves are sam-
pled at a set time, τ, along the current-time curves (Figure S.4b), we generate a current-potential
plot that resolves a half-wave reduction curve (Figure S.4c). The measured points along the half-
wave curve illustrate the different regimes corresponding to the extent of the reduction reaction.
For instance, the first change in the potential, E1, is not negative enough to drive the reaction to-
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wards reduction, thus, no faradaic current is observed. Conversely, at a very negative potential,
E5, the surface concentration, CO, fully depletes to zero, yielding a mass-transport limit on the
current-time decay. Similarly, E4 is still within the mass-transport limit regime, thus, the reduction
current follows the same time-decay as E5. At intermediate potentials, E2 and E3, the driving force
for reduction is not enough to deplete CO to zero at the electrode, resulting in lower outputs over
time. Both still exhibit current-time decay due to the changing composition gradient transient.
Figure 3.5: Current-potential half-wave of a Nernstian reaction.[7]
3.4.1 Current-Potential Half-Wave
The shape, position, and amplitude of the half-wave curve provides quantitative informa-
tion regarding the thermodynamics, reversibility, integrated charge-transfer, mass-transport, and
kinetics of the reaction. The simplest case is a Nernstian reaction (Figure S.5), which has a half-
wave governed by the following equation:
E = E1/2 +
RT
nF
ln
(
id(τ) − i(τ)
id(τ)
)
(3.5)
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The potential is dependent on the current, i, and the mass-transported limited current, id. The
half-wave potential, E1/2, the potential by which i(τ) = id/2, is dependent on the mass-transport
properties of the redox species.
E1/2 = E0
′
+
RT
nF
ln
(
D1/2R
D1/2O
)
(3.6)
These equations, however, do not apply to more complex systems that involve multi-step, quasire-
versible or irreversible reactions. Qualitatively, deviations from Nernstian behavior are most ap-
parent by the potential shift of the half-wave curve relative to E0
′
. In general, outputs that are
limited by the reaction kinetics, as opposed just mass-transport, are now governed by the kinetic
parameters of the reaction (Butler-Volmer equation) (See Appendix I) in conjunction with Ficks
laws of diffusion.
3.4.2 Cottrell Equation
The features of the time-dependent decay in redox current also provides quantitative in-
formation regarding the kinetics (reaction, mass-transport) of the redox. Consider an expression
for the mass-transport limited reduction current, id, as a function of time. Lets presume a sim-
ple planar electrode, which simplifies the derivation by employing a semi-infinite linear diffusion
model. Recall the simple equation for Fick’s second law of diffusion.
∂CO(x, t)
∂t
= DO
∂2CO(x, t)
∂x2
(3.7)
The boundary conditions assumes an initial bulk concentration of CO*. As soon as the reduction
potential is applied at t > 0 (assuming no lag in the potential response), the surface concentration,
CO(0,t), immediately goes to zero.
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CO(x, t) = C∗O
lim
x→∞CO(x, t) = C
∗
O
CO(0, t) = O (t > 0)
(3.8)
Using general mathematical techniques such as Laplace transformation, we determine the flux
equation, which is directly proportional to the redox current.
JO(0, t) = − i(t)nFA = −DO
[
∂CO(x, t)
∂x
]
x=0
(3.9)
Consequently, a closed-form equation for the current-time curve is represented as:
i(t) = id(t) =
nFAD1/2O C
∗
O
(pit)1/2
(3.10)
This is known as the Cottrell equation, though variations of this equation exist depending on the
boundary conditions. It is important to note that the Cottrell equation is derived from a reaction in
which mass-transport is the rate-limiting process. However, this equation still holds for any system
that is perturbed at a potential well within the mass-transport limited regime, regardless of whether
the reaction is Nernstian, irreversible, or quasireversible. Thus, at intermediate potentials where
CO(0,t) is non-zero (i < id) the Cottrell equation must be modified by the inclusion of the scale
factor, 1/(1+ξθ).
3.5 Fundamentals of Linear Scan Voltammetry
Both chronoamperometry and sampled-current voltammetry are limited when it concerns
applications that require a more systematic approach to analyzing known and unknown electro-
chemical systems, particularly when spanning a system over a wide potential window without any
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preexisting knowledge of active redox processes. This leads to another common type of voltam-
metry technique by which the current output is measured over a continuously changing potential.
This method is commonly known as linear sweep voltammetry (LSV), or cyclic voltammetry (CV)
when the potential continuously sweeps back and forth within a set potential window. Both meth-
ods traverse a wider current-time-potential domain, providing qualitative information regarding
several electrochemical behaviors, including the nature of the redox reactions and non-faradaic
charging.
(a) (b) (c)
Figure 3.6: (a) Linear potential scan step. (b) Current vs. potential at a constant scan rate. (c)
Concentration of A and A-* at mass transport-limit.[7]
Consider the LSV of an electrochemical cell containing anthracene (represented as A and
A*-), a compound that can reversibly reduce to its negative anionic radical counterpart, as illus-
trated by Figure S.6. In this example, the potential is linearly negatively swept at a constant sweep
rate, driving the reaction towards reduction. Near the formal potential, E0
′
, the negative poten-
tial sweep resolves a cathodic peak corresponding to the increasing flux in anthracene reduction,
causing the surface concentration to decrease before fully depleting. At the point of depletion,
the cathodic curve reaches a peak corresponding to the mass-transport limit. Although the above
figures do not showcase this behavior, many LSV and CV curves often show a flat, non-zero base-
line current, which corresponds to capacitive non-faradaic charging due to the adsorption of ionic
species. The superimposition of the redox peaks and the charging current is a summed effect.
Thus, a well-defined baseline can be easily subtracted from the measured peak, though this is not
always the case for many systems.
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In contrast to the typical I-V behavior of sample-current voltammetry, deriving an ex-
pression for LSV behavior is far more complicated. Thus, going through the derivation steps
involving numerical solutions is well beyond the scope of this thesis, and the reader is encouraged
to read the Faulkner textbook (Chapter 6) to see the full mathematical treatment.[7] Regardless,
LSV provides a wealth of qualitative information regarding double-layer effects and redox behav-
ior. Moreover, techniques such as rotating disk electrode (RDE), which are LSV scans that operate
on a well-defined, steady-state analyte flow model across the working electrode, can yield highly
quantitative information (more on RDE within a later section).
3.5.1 Peak Current and Potential
Despite the absence of a closed-formed expression that generalizes LSV behavior, partic-
ularly the current output as a function of potential and time, there are explicit equations for both
the redox peak current, ip, and the double-layer current, ic, as functions of the potential sweep rate,
υ. They are of course mostly applicable to more contrived systems that exhibit Nernstian behavior
governed by a semi-infinite linear diffusion model.
ip = (2.69 × 105)n3/2AD1/2O C∗Oυ1/2 (3.11)
|ic| = ACdυ (3.12)
The peak current (ip) corresponding to a Nernstian faradaic process (in this case reduction) at 25
°C is a function of the active surface area, A, diffusion coefficient, DO, bulk concentration, CO*,
electron transfer number, n, and 1/2. The double-layer current, ic is linearly dependent on υ, as well
as the double-layer capacitance, Cd. The ratio of both equations becomes:
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|ic|
ip
=
Cdυ1/2(10−5)
2.69n3/2D1/2O C
∗
O
(3.13)
This ratio shows how the LSV peak relative to the baseline double-layer current is affected by the
scan rate υ. For instance, ip is amplified relative to ic when υ decreases. Conversely, by increasing
υ, the rate at which ic increases overshadows the increase in ip, reducing the intensity of the peak
realtive to the double-layer. Thus, it is common practice to perform LSV measurements at very
low scan rates in order to minimize the double-layer.
Figure 3.7: Linear scan voltammetry curve of a Nernstian reaction.[7]
The redox peak potential, Ep, for a Nernstian reaction is independent of ν. Additionally,
the half-peak potential, Ep/2, at ip/2, is a function of E1/2 (recall Eq. A.6).
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Ep = E1/2 − 1.109RTnF =
28.5
n
mV (at 25 ◦C) (3.14)
Ep/2 = E1/2 + 1.09
RT
nF
= Ep/2 +
28.0
n
mV (at 25 ◦C) (3.15)
|Ep − Ep/2| = 2.20RTnF =
56.5
n
mV (at 25 ◦C) (3.16)
We see that regardless of the peak current and scan rate, Ep-Ep/2 is only a function of n at a given
temperature. For instance, the Ep-Ep/2 for a 1-electron reaction at 25 °C is 56.5 mV.
3.5.2 Irreversible and Quasireversible Reactions
Whether a reaction is reversible, quasireversible, or completely irreversible, the general
relationship between ip with υstill holds. For example, Equation A.11 for an irreversible system is
modified as:
ip = (2.99 × 105)α1/2AD1/2O C∗Oυ1/2 (3.17)
The charge transfer coefficient, α, is a kinetic parameter that that quantifies the properties of the
kinetic barrier (See Appendix I) for a given reaction. Unlike the peak potential for a Nernstian
process, Ep for an irreversible or quasireversible system is now a function of υ, the intrinsic rate
constant, k0, and α.
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Ep = E0
′ − RT
αF
[
0.780 + ln
(
D1/2O
k0
)
+ ln
(
αFυ
RT
)1/2]
(3.18)
Consequently, we see that for high sweep rates, coupled with sluggish reaction rates (low k0), the
peak potential shifts away from E0
′
, resulting in a greater overpotential near the onset of current.
(a) (b)
Figure 3.8: (a) Cyclic potential window. (b) Cyclic voltammogram redox couple.[7]
3.6 Cyclic Voltammetry
Consider now the response when the potential is reversed upon the reduction of an-
thracene, A (Figure 5.8). The accumulated anionic radical anthracene, A*-, oxidizes back to
A, generating a positive anodic peak. As a result, the hysteresis resolves two opposing peaks
corresponding to the anthracene redox couple. This extension of LSV, where the potential is con-
tinuously cycled within a set potential window, is known as cyclic voltammetry (CV). The shape,
location, and separation of the peaks provide qualitative information regarding the reversibility and
kinetics of the redox couple.
Figure 4.9 shows a typical CV of a redox couple superimposed with a baseline double-
layer current. In response to the sweep rate, LSV Equations A.11 and A.12 still apply with respect
to the double-layer width and relative height of the redox peaks. Key characteristics of the redox
couple include the ratio of the cathodic (Epc) and anodic (Epa) peaks (upon subtracting the baseline
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Figure 3.9: CV Redox couple in response to different window potential limits, Eλ.[7]
current); and the peak spacing (Epc-Epa). The CV of a Nernstian reaction shows symmetric peaks
assuming that the potential window, when centered around the formal potential, E0
′
, is wide enough
to fully resolve the two peaks (at least 35/n mV past both redox peaks). Thus, the ratio of Epa/ Epc is
expected to be unity, and Epc-Epa is constant at a given temperature (59 mV at 25 °C for 1-electron
transfer).
|ipc|
ipa
= 1 (3.19)
|Epc − Epa| = 59n mV (at 25
◦C) (3.20)
Subtracting the double-layer current from Epa and Epc may be nontrivial if the baseline is not well-
resolved as illustrated in (Figure 4.9). This would mostly be the case if the potential window, Eλ,
is not wide enough beyond the cathodic and anodic peaks, which ultimately highlights the limits
of CV as a fully quantitative tool.
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For irreversible and quasi-reversible systems, the redox peaks invariably become a func-
tion of sweep rate, and the intrinsic reaction kinetic parameters (k0, α). Moreover, the CVs for
more complex chemical systems often yield multiple, overlapping peaks corresponding to consec-
utive electron-transfer steps, precluding significant quantitative evaluation.
Simple CV measurements on reversible redox systems such as anthracene, ferricyanide,
etc., as depicted in Figures 5.8 and 4.9, are useful for evaluating the electrochemical properties
of the electrode. For example, when taking multiple measurements using anthracene analyte at
different sweep rates, we expect certain behaviors (Equations A.19 and A.20) of the redox couple
to be held constant. Moreover, we also expect ipc (or ipa) to be a function of υ1/2 (Eq. A.11).
Assuming that CO* and DO are known (n = 1 for anthracene), one can determine the active surface
area. This is most useful for electrodes with rough surfaces, or surfaces composed of nanoparticles,
which have a higher active surface area than the geometric area. Additionally, deviations from
the expected peak features of the redox couple may provide information regarding the effects of
uncompensated resistance.
Overall, CV measurements are a reliable and rapid method for understanding and dis-
cerning various electrochemical processes (e.g. reduction/oxidation charge transfer, double layer
effects, desorption, adsorption etc.) over a wide potential window. Most importantly, this is the
primary method used for screening oxygen reduction/evolution catalysts, which will be discussed
in a later section.
3.7 Rotating Disk Electrode
Rotating disk electrode (RDE) is one of the most prolific electrochemical techniques, and
a standard for measuring catalysis, providing quantitative information regarding the nature and
kinetics of specific faradaic processes. This method consists of an electrode that rotates at a con-
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trolled rate while immersed in analyte solution. The electrode potential is then swept (positively
or negatively) at a constant rate, forming a well-defined LSV curve corresponding to a faradaic
process of interest. In contrast to the previous techniques, where the stationary electrode is con-
trolled by a fairly uncertain transient mass-transport behavior of the reactants from bulk, RDE is
controlled by introducing a hydrodynamic (i.e. convective) flow field of analyte across the rotat-
ing electrode surface. Controlled hydrodynamic flow in steady state allows for high precision and
reproducible measurements. More specifically, RDE isolates and amplifies the kinetics of a given
reaction without any convolution from double-layer charging.
Figure 3.10: A schematic of a typical rotating disk electrode.[7]
The general setup of RDE consists of an electrode disk embedded in an insulating rod
(i.e. Teflon), exposing one side of the disk face (Figure 4.10). The rod is immersed in analyte
solution and rotated at a constant rate. During rotation, a steady-state flow of analyte is brought
to the electrode surface. The exact steady-state behavior has been thoroughly modelled by von
Karman and Cochran[7, 284], with solutions derived from a simple diffusion-convection model.
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∂C j
∂t
= D j∇2C j − ~v · ∇C j
= Di f f usion −Convection
(3.21)
(a) (b)
Figure 3.11: (a) Velocity profiles,υy and υr, of the analyte. (b) Analyte flow-field across the
rotating disk.[7]
The symmetry of the electrode simplifies the flow field model corresponding to the ve-
locity profiles of the solution, which are represented by their cylindrical coordinates (υχ, υr, υy).
At the electrode surface, the spinning disk drags the analyte fluid at an angular velocity while the
components υr and υy are zero (Figure 4.11). Away from the surface, the centrifugal force of the
rotation creates a velocity profile radially, υr, and normal (υy) to the electrode surface. Towards
the bulk (y→∞), both υχ and υr are zero, while υy is at a limiting velocity.
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3.7.1 Levich and Koutecky-Levich Equation
Presenting the full mathematical derivation is well beyond the scope of this thesis (full
treatment is in Faulkner[7]). In general, the known flow field coupled with the hydrodynamic
properties of the analyte solution yields an explicit relationship between the flux of the analyte and
the current output.
i = nFADO
(
∂CO
∂y
)
y=0
(3.22)
For the simplest case, consider the condition in which the current output has reached its mass-
transport limit at a high overpotential (CO = 0 at the surface). This creates a concentration gradient
profile similar to the diffusion model for a stationary electrode. However, unlike stationary dif-
fusion, the concentration profile from the electrode surface to bulk does not change with time, or
∂CO/dt = 0. As a result, the limiting current is expressed as the Levich equation:
il,c = 0.62nFAD
2/3
O ω
1/2ν−1/6C∗O (3.23)
We see that the limiting current is dependent on the rotation rate, ω, viscosity, ν, diffusion coeffi-
cient, DO, electron-transfer number, n, and bulk concentration, CO*.
Based on the Levich equation, we expect il,c to be a linear function ofω1/2. Thus, informa-
tion about the reaction is contained within the slope of the linear trend upon taking multiple RDE
measurements at different rotation rates. The RDE behavior of sluggish reactions, such as oxygen
reduction, is more complicated. A deviation from the expected linearity when trending i vs. ω1/2
indicates a secondary factor that’s governing the current output, which in this case is the intrinsic
reaction kinetics. Thus, the Levich plot is rearranged as the Koutecky-Levich (K-L) equation.
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0.62nFAD2/3O ω1/2ν−1/6C
∗
O
+
1
iK
(3.24)
The ik component is governed by the kinetic rate of reaction, kf(E)CO* (See appendix I).
iK = FAk f Co∗ (3.25)
Thus, the slope of the K-L plot is determined by the plot, 1/i vs. ω-1/2, which yields an intercept of
1/ik. This allows one to determine the reaction kinetic parameters, α and k0.
3.8 High-Throughput Electrochemistry: van Dover Lab
All current electrochemical instruments within the van Dover group were custom-built,
and are specifically designed for high-throughput testing for screening composition libraries in
the form of thin film composition spreads (more about composition spreads in Chapter 4). Electro-
chemical screening is a crucial facet to high-throughput research, particularly for systematic studies
on the catalytic properties of complex, multi-elemental materials, allowing the user to expedite the
process of discovering and sequestering certain compositions that exhibit these unique or enhanced
properties. Previous studies have utilized these experimental cells to measure and screen the elec-
trochemical properties of several different catalyst systems, most notability for hydrogen/methanol
oxidation reaction (HOR/MOR), hydrogen evolution reaction (HER), oxygen reduction reaction
(ORR), and oxygen evolution reaction (OER).[182, 242, 77, 76, 193, 130, 63] This work primarily
focuses on instruments that were used to analyze catalytic activity for ORR and OER.
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Figure 3.12: Illustrative cross-section and picture of electrochemical minicell setup.
3.8.1 Electrochemical Minicell
The Minicell is a quasi-high-throughput test cell designed to locally measure catalytic
activity, specifically for ORR and OER, at the film/electrolyte interface, allowing the user to screen
the entire material library by sequentially taking multiple measurements taken across the entire
film. The apparatus is a custom-built three-electrode cell connected to a potentiostat controlled by
a custom LabView program, where various parameters such as scan rate, voltage range, voltage
gain are set and adjusted within the program. In addition to ORR/OER catalysis, the Minicell
is ostensibly capable of a variety of different catalytic measurements when different test analyte
solutions (e.g. NaOH, H2SO4, methanol, etc.) are used.
Figure 4.12 shows both an illustration of the cell cross-section and a photo of the actual
setup. The base of the minicell setup is a flat platform for the composition spread thin film (faced
upward). Connected to the platform are supports that hold a steel plate, which is connected to the
top of the test cell by a rotatable flat head screw, allowing the cell to hover above the film and
manually lower onto a given local test spot. Manual XY movement of the cell is facilitated by both
68
an open slit across the length of the overhead plate, and moveable supports that slide along grooves
located across the sides of the platform.
The test cell is a hollow Teflon cylinder that locally interfaces with the surface of the film,
which is designated as the working electrode. The test area has a diameter of 6 mm. During testing,
the analyte is sealed inside the cell by a rubber O-ring that fits around the bottom lip of the cylinder.
The interior wall of the cylinder is lined with a coiled gold (Au) auxiliary wire. The interior also
contains three thin plastic tubes located near the bottom of the cell (close to the film surface when
interfaced). The other ends of the tubes protrude from the top of the cell. Two of the three tubes
function as an inlet and outlet for injecting and removing electrolyte solution, respectively, while
the third tube functions as an electrolytic bridge between the film and the reference electrode.
Capillary forces along the tube help maintain a continuum of analyte solution between the cell
and the RE container. The reference electrode is a silver/silver chloride Ag/AgCl wire in saturated
KCl (stable potential of 0.197 V vs. SHE). The reference is sealed within a glass tube, and is
held within a separate container filled with the same analyte as the cell. The choice of housing
the reference electrode in a separate container, as opposed to situating it near the film surface to
minimize uncompensated resistance, was done to avoid chloride (Cl-) contamination of the Au
counter electrode and the film surface.
Minicell Cyclic Voltammetry for Oxygen Reduction/Evolution Screening
Although the minicell is technically compatible with various electrochemical techniques
(e.g. chronoamperometry, sample-current voltammetry, impedance, etc.), cyclic voltammetry (CV)
was the primary test method conducive to semi-rapid screening. To illustrate what the screening
analysis for ORR/OER catalytic activity entails, consider the CV of a sputtered Pt film, a common
control sample. Figure 4.13 contains two superimposed CVs of the Pt film in de-oxygenated and
oxygenated 0.1 M NaOH solution. At a given test spot, the Minicell is initially filled with nitrogen-
bubbled 0.1 M NaOH, purging the solution of any oxygen. A baseline (or background) CV is
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Figure 3.13: Oxygen reduction cyclic voltammogram (CV) of a sputtered platinum (Pt) film. The
CV was scanned at a sweep rate of 50 mV/s.
measured, resolving various electrochemical processes that take place at the Pt surface within a
potential window of -0.9 to 0.3 V vs. Ag/AgCl. During the background scan, the film undergoes
multiple CV cycles in order to pretreat the surface. The pretreatment step usually ends upon
reaching a steady hysteresis that doesn’t change over several cycles.
The background CV of the Pt film shows multiple peaks in addition to a double-layer
baseline. The set of cathodic/anodic peaks between -0.5 and -0.9 V are attributed to hydrogen
adsorption/desorption, while the broader peaks between -0.3 and 0.2 V correspond to oxide for-
mation/reduction. Now, lets consider the oxygenated CV, which now shows a steep negative ORR
curve along the cathodic sweep at an onset potential of -0.05 V vs. Ag/AgCl, which is around 300
mV lower than the theoretical potential of 0.315 V (or 1.23 V vs. RHE). To ensure that no oxygen
is prematurely reduced, the starting potential is set a more positive value relative to the expected
onset. The general metrics for ORR catalytic activity, in this case, are both the onset potential, and
the kinetic current at a certain overpotential that’s within the kinetic regime beyond the onset. For
instance, the onset for the Pt film was determined to around -0.05 V, while the kinetic current at
-0.1 V is around -0.075 mA. These values represent qualitative benchmarks against novel materials
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with unknown catalytic properties. When this approach is now extended to a series of CVs across a
composition spread thin film, we can establish an ORR activity trend as a function of composition.
Figure 3.14: Oxygen evolutin cyclic voltammogram (CV) of a sputtered ruthenium oxide (RuO2)
film at a sweep rate of 50 mV/s.
In the previous example with Pt, the positive limit of the potential window was too low
to resolve any current corresponding to oxygen evolution, which is activated along the anodic
sweep typically between 0.4 and 0.7 V vs. Ag/AgCl. Similarly to ORR, OER is also kinetically
sluggish overpotentials that are ∼350 mV. Even in the presence of a strong OER catalyst, OER
onset potentials are still round 0.55-0.6 V vs. Ag/AgCl (∼1.45-1.52 V vs. RHE). Because Pt is
not a particularly strong OER catalyst, the example CV shown in Figure 4.14 was measured on a
ruthenium oxide (RuO2) thin film, a material known for being catalytically active for OER.[80, 171,
177, 176] Oxygen is generated by oxidizing hydroxide (OH-) at the film surface, yielding positive
current that increases at greater overpotentials. The qualitative metrics for OER catalytic activity
71
are primarily the onset potential and kinetic current at a specified overpotential. In this case, the
onset is approximated as ∼0.515 V with a current that reaches 0.71 mA at 0.65 V. Again, these
values serve as activity benchmarks for comparison, specifically against new materials. Generally,
OER catalysis is performed after ORR, given that high positive potentials can cause many materials
to degrade due to leaching.
(a)
(b)
Figure 3.15: (a) Illustration and picture of fluorescence assay (FA) setup.[182] (b) Captured im-
age of the fluorescence intensity (onset scale) across a Pt-Zn composition spread along with the
intensity vs. potential.[74]
3.8.2 Fluorescence Assay
The fluorescence assay (FA) is another custom-built electrochemical cell that truly ex-
emplifies high-throughput testing. With the entire thin film designated as the working electrode,
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FA measures catalytic activity across an entire composition spread, which identifies active regions
based the relative fluorescence intensity. Figure 3.15 shows an illustration along with the actual
picture of the van Dover lab setup. The core operation of this experiment is based on previous
work reported by Jing Jin and Mark Prochaska [188], which uses a special fluorescent dye that
luminesces when activated by certain electrochemical reactions. This method was heavily uti-
lized by previous graduate students for various catalytic processes, including hydrogen oxidation,
methanol oxidation, and oxygen reduction.[242, 182, 74] For instance, previous works by Gregoire
et al. used the FA to measured hydrogen oxidation in various analyte solutions (i.e. methanol, sup-
porting solution, ethanol, etc.) mixed with a quinine dye. Quinine is an organic compound that
fluoresces when illuminated with UV light upon H+ protonation. The intensity of quinine, which
has a center emission of around 460 nm, increases when the pH decreases. Thus, catalytically
active regions for hydrogen oxidation locally decreases the pH due to rapid H+ generation, causing
the Quinine to fluoresce at a higher intensity relative to the surrounding regions.
The van Dover FA electrochemical cell consists of a 3 diameter open Teflon cylinder.
The cylinder contains a coiled gold wire that lines the inner wall, held in place by black wax.
The composition spread thin film is tightly held in place by the creases on the sides and back
of the sample stage. The height of the stage is manually adjustable, allowing the film to tightly
interface with the bottom lip of the Teflon cell. A special lip at the bottom is fitted with a rubber
O-ring, forming a tight seal with the film. Also below the cell are three conductive probes that
contact the outer periphery of the composition spread; all three are connected in parallel to the
working electrode input of the potentiostat. The top of the Teflon cell is covered by removable
quartz window, allowing the user to observe the fluorescence activity. A quartz window contains a
small hole to embed the reference electrode within the cell, which hovers above the film surface.
The Teflon cell contains several inlets and outlets along the side, each connected to a network
of plastic tubes. Each inlet is connected to a dedicated container for a specific electrolyte test
solution, which is pumped in and out of the Teflon cell using a peristaltic pump. For example,
one container may contain 0.1 M sulfuric acid mixed with methanol and quinine for methanol
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oxidation catalysis measurements. Before introducing the methanol solution, another container
may house a calibration solution to capture background fluorescence, or another fill with distilled
water for rinsing and cleaning between experiments. To ensure that fluorescence is not polluted
from outside light sources, the stage and the cell are housed within a custom-built frame equipped
with black cloth to veil the entire cell. The top of the frame supports a circular UV light source
to uniformly illuminate the film, as well as a CCTV camera to capture fluorescence during the
experiment. Lastly, the entire experiment is run through LabVIEW, allowing the user to control
the pumping/draining of a chosen electrolyte, as well as operate the potentiostat.
With respect to nature of this work, one would consider this setup to be an ideal high-
throughput screening method for ORR catalysis. Although Quinine is limited to only hydrogen
oxidation, another compound called Umbelliferone has been previously used as an indicator for
ORR.[182] This compound operates within a pH range of around 6 to 8.5. Active regions for ORR
rapidly consume H+ (See Chapter 2 for reaction) during the reaction, locally increasing the pH.
Thus, the intensity of Umbelliferone fluorescence increases at higher pH. However, Umbellifer-
one is ineffective as an indicator under highly alkaline conditions (pH >> 7), and a working pH
between 6 and 8.5 is not practical for most devices, which either operates under acidic or alkaline
conditions. Although practical pH conditions are not always necessary for testing, the catalytic ac-
tivities, particularly for ORR, may be dependent on pH due to changes in reaction mechanisms and
double-layer coverage under certain operating potentials. Thus, a material or region that is active
for ORR at a certain pH may not necessarily be active over the full pH range. Consequently, ORR
and OER screening was soley achieved using the minicell. However, in retrospect, it would have
been beneficial for a more thorough investigation on making FA more compatible with alkaline
ORR catalysis.
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(a) (b)
Figure 3.16: (a) Illustrative cross-section of RDE rod, including film, carbon felt, and steel backing.
(b) Picture of RDE glass basket.[260]
3.8.3 Thin Film Rotating Disk Electrode
The methodology for high-throughput analysis of thin film catalysts necessitates tech-
niques that can validate the screening data, and provide additional information regarding the basic
catalytic properties of the materials being studied. The early stages of high-throughput testing
identify catalytically active regions, which, when coupled with several characterization techniques
(i.e. XRD, XRF, XANEs, SEM, AFM, etc.), provides greater insight on how certain catalytic
processes or enhancements are governed by the intrinsic features of the new material. Ideally,
the culmination of high-throughput testing is the transfer of active materials to more practical and
scalable forms.
As previously discussed, RDE is one of the most prolific electrochemical techniques,
most notably for catalysis studies. However, conventional RDE methods are generally limited to
powdered systems, or coated carbon disks. Partitioning the composition spread and performing
RDE on the most active regions requires some type of modified setup. The utility of a modified
RDE system represents the next step towards validating the screening data, as well as provide
additional information regarding particular catalytic processes that are taking place at the film
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surface.
The modified thin film RDE setup shown in Figure 3.16 was designed by Ryo Wak-
abayashi. The setup consists of a 1” diameter hollow Teflon cylinder that can hold a 10 x 10 mm
thin film (cleaved from the composition spread). A 5 mm diameter surface area of the sample film
is exposed at the bottom end of the cylinder, which slightly recesses from the outer periphery to-
wards the planar film surface. The lip of the opening has a 0.25” O-ring, forming a tight seal with
the film. Before placing the cleaved film inside the Teflon cylinder, the sides and back of the film
are coated with silver paste and heated slightly to remove the solvent. This ensures contact with
the carbon backing. Once the film is placed inside, the rest of the cylinder is filled with carbon felt
(Alfa Aesar) and capped with a custom-made, stainless-steel current collector, which is tightened
using a vice, and held together with hex screws.
The RDE cylinder was tested within a three-compartment cell (Figure 3.16b). The main
chamber is 2” wide with an inner glass basket to prevent cavitation (whirlpool). The three com-
partments are connected at the bottom with glass frits, and at the top with simple glass tubing (to
equalize the pressure in the three compartments). A graphite rod (Sigma Aldrich) was used as the
counter electrode and a home-made saturated silver/silver chloride electrode (Ag/AgCl) was used
as the reference. No platinum (or any noble metals) was used in the cell to ensure that there was no
contamination from trace Pt from previous experiments. After any tests involving Pt and Au films,
the cell is typically soaked in aqua regia for several hours to remove any residual noble metals.
RDE Analysis for ORR
Assuming that the screening results yield catalytically active regions, we invariably nar-
row the focus of subsequent electrochemical experiments on the optimal regions using thin film
RDE. To demonstrate the analysis of a given spot, consider the ORR kinetic current density at
different rotation speeds (Figure 3.17a) of a sputtered Pt film in 0.1 M NaOH. The series of mass-
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(a) (b) (c)
Figure 3.17: Platinum RDE (a) LSV Curves at different rotation speeds. (b) Koutecky-levich plot.
(c) Tafel plot at 1600 rpm.
transport limited current, id, regimes is expected to increase with the rotation speed based on the
Koutecky-levich equation (Equation A.24). Despite some issues with flow turbulence at higher
rotation speeds, which places the set limit to around 1600 rpm, the RDE LSV confirms the high
ORR activity of Pt based on the measured onset potential and kinetic current. Moreover, the LSV
curves are reproducible and consistent with expected behavior for Pt.[62, 71, 227, 282, 251]
The most basic RDE analysis is extrapolating the slope from the linear fit (1ıd ∝ ω-1/2)
based on the Koutecky-levich relationship (Figure 3.17b). Assuming that the diffusion coefficient,
DO, oxygen bulk concentration, CO, and geometric area, A, are known, the K-L slope can be used to
calculate the electron transfer number, n, which measures the efficiency of the reaction. In the case
of the Pt film at a potential of -0.6 V, n is around 3, suggesting a combination of 4-electron and 2-
electron transfer pathways that yield fully reduced oxygen hydroxide (OH-) and hydrogen peroxide
(H2O2), respectively. Additionally, the intercept of the K-L plot is the inverse of the reaction kinetic
current, ik (Eq A.25). Thus, ik with respect to the overpotential along the LSV curve, allows one
to calculate the intrinsic reaction kinetic parameters, α and k0. The features of the RDE LSV
curves also provide information regarding the rate-limiting reaction mechanisms. These features
are amplified when the LSV is represented as a Tafel plot (Figure 3.17c). At low overpotentials, the
Tafel slope is typically within the range of 60 mV/dec before increasing to 120 mV/dec at greater
overpotentials.[227, 217] These Tafel slopes are indicative of certain rate-limiting steps within the
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entire oxygen reduction reaction (discussed in Chapter 2). Near the onset, the two Tafel slopes
(Figure 3.17c) are around 56 mV/dec and 128 mV/dec, well within the expected values.
Often, many use a modified form of RDE, known as rotating ring disk electrode (RRDE),
which follows the same setup as a traditional RDE, except now theres a second working electrode
in the form of a ring concentrically separated from the disk by an insulating layer. During testing,
the ring (at fixed potential) reacts with the product species that form upon reacting at the the disk.
In the case of ORR catalysis, RRDE is most important for detecting hydrogen peroxide (H2O2)
when oxidized by the ring. The current output, which is proportional to incoming flux, quantifies
the amount of hydrogen peroxide that forms, which is a hazard for applications such as fuel cells.
Additionally, the formation of H2O2 represents a 2-electron transfer reaction per oxygen molecule,
which is ideally should undergo a full 4-electron reaction for maximum efficiency. Although this
setup would have been invaluable to this research, no RRDE measurements were ever taken for
this work.
3.9 Closing Summary
Electrochemical testing is a core part of this research, warranting a full chapter that delves
into the key principles of various techniques. Most importantly, we discussed and demonstrated
some of the main electrochemical test cells that were developed by past and present individuals
within the van Dover and Abrun˜a lab. This work represents an important facet to catalyst re-
search, one that takes a systematic approach to identifying new alternative catalysts. Overall, these
techniques are built on the confluence of systematic catalyst research, and high-precision electro-
chemical characterization.
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CHAPTER 4
SPUTTERING AND THIN FILM CHARACTERIZATION TECHNIQUES
4.1 Introduction
Thin films are broadly defined as a thin layer of material that ranges from several mi-
crometers to a single monolayer in thickness. The scientific importance of thin film technology
and processing is underscored by their ubiquity in several applications, most notably microelec-
tronics, solar cells, protective, and optical coatings. Given the design of our high-throughput ap-
proach to screening thin film catalysts and membranes in the form of composition spreads, thin
film fabrication is a crucial component to this research. In addition to thin film processing and
electrochemical screening, several characterization techniques were instrumental in qualitatively
and quantitatively correlating and reconciling the structural and chemical properties of several new
material systems with their measured electrochemical behavior. Nearly all of the characterization
instruments are available here at the Cornell Center for Materials Research (CCMR) and the Cor-
nell High Energy Synchrotron Source (CHESS) facilities. Because both sputtering and thin film
characterization were critical to the work reported in chapters 5, 6, and 7, this chapter will briefly
summarize some of the key sputtering systems and characterization instruments that were used
throughout this research.
4.2 Sputtering
Thin film processing for commercial and/or research purposes includes several different
deposition methods: evaporation, sputtering, pulsed laser deposition, chemical vapor deposition,
and molecular beam epitaxy.[172, 223] Whether its thin film synthesis and/or etching, sputtering
is one of the more common physical deposition techniques capable of depositing a wide array of
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materials including metallics, oxides, sulfides, carbides, and nitrides.
Figure 4.1: Illustration of reactive sputtering under DC bias. Image was taken from http :
//clearmetalsinc.com/technology/ on 01/08/2018.
4.2.1 Basics of Sputtering
The typical sputter setup is illustrated in Figure S.1. The target material, designated as
the cathode, is connected to the negative terminal of the power supply (negatively biased) while
the substrate (anode) is typically grounded or positively biased. Prior to sputtering, the chamber is
filled with an inert noble gas (i.e. He, Ar, Ne, Kr, Xe) at a fairly low partial pressure (ranging from
a few to hundreds of mTorr). When a potential is applied, the noble gas breaks down, creating a
plasma discharge composed of noble gas ions (e.g. Kr+, Ne+, Ar+) that accelerate and bombard
the target surface, causing the target atoms to eject through the transfer of momentum. The ejected
target atoms traverse through the low pressure ambient, atomistically depositing onto the substrate
anode. The most striking visual feature of sputtering is the plasma glow near the target surface,
signifying radiation emission induced by the cascade of gas ionization and recombination within
the plasma discharge.
The cascade mechanism for creating and sustaining a steady plasma discharge for con-
tinuous sputtering is called the Townsend discharge. This involves an avalanche effect whereby
the flux of electrons and gas ions multiply exponentially upon the onset of sputtering. During
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the initial stages, stray electrons from the target accelerate through the electric field between the
target and substrate. A fraction of the stray electrons collide and subsequently ionize the noble
gas, initiating a multiplicity effect where several more secondary electrons are generated from the
impact ionization, which in turn increases multiplies the number of positive ions for further target
bombardment.
e− + A→ 2e− + A+ (4.1)
Upon reaching the full multiplicity effect, there is a complete breakdown (discharge) of the noble
gas near the target surface (analogous to a dielectric breakdown in insulating solids), which initiates
a self-sustaining plasma glow.
Properties of the Townsend Discharge are dependent on the chamber pressure and distance
between the cathode (target) and anode (substrate). Unsurprisingly, there is an optimal pressure
and substrate-target distance at which the breakdown voltage is at a minimum. For instance, if the
pressure is too low, initiating the self-sustaining discharge will become increasingly difficult due to
the lack of ionization collisions between the noble gas ions and secondary electrons. Conversely,
if the pressure is too high, then the secondary electrons experience a smaller mean free path,
precluding the ability to gain the kinetic energy needed for impact ionization.
4.2.2 Magnetron Sputtering
For most existing sputtering systems, magnets are typically incorporated underneath the
target material inside the sputter gun. Known as magnetron sputtering, the use of magnets fa-
cilitates greater sputter yield and current at lower breakdown voltages. Illustrated in figure S.2a,
the combination of electrostatic forces from the applied electric field and Lorentz forces from the
magnetic field redirects the electron trajectory to stay near the target surface, increasing the im-
pact ionization frequency. More specifically, the combined forces of the electric and magnetic
fields influence the secondary electron trajectory to undergo a cycloidal hopping motion along the
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(a) (b)
Figure 4.2: (a) An illustration of magnetron sputtering. From http : //www.umms.sav.sk/6493 −
en/physical − vapor − deposition/(b) The concentrated plasma glow along the target racetrack.
From https : //lightmachinery.com/optics/custom−optics/thin− f ilm− coating/ on 01/18/2018
”racetrack” of the target surface within the plasma cloud, forming an intense luminescent ring
above the racetrack (Figure S.2b). This concentrated glow signifies the highest degree of sputter-
ing. Consequently, an erosion pit will eventually form around the surface of the target.
4.2.3 RF Sputtering
The sputter systems depicted in the previous examples and illustrations operate under
a direct current (DC) bias as a means to more easily convey the basic principles of sputtering.
However, there is a second operating mode known as radio frequency (RF) sputtering. In contrast
to DC sputtering, RF introduces an AC voltage to the target, inducing a harmonic response from the
secondary electrons and ions within the plasma discharge. Typically, AC sputtering requires a high-
frequency signal that exceeds ∼1MHz, with practical RF frequencies ranging from 5 to 30 MHz.
However, a frequency of 13.56 MHz, which has been reserved for plasma processing by the Federal
Communications Commission (FCC), is the most widely used. Within this frequency range, a
sustainable discharge forms by rapidly oscillating electrons back and forth between the sheath
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(dark region between the plasma glow and target surface) and the glow region, acquiring enough
kinetic energy for repeated impact ionization. RF sputtering incidentally partitions more energy
to oscillating electrons, resulting in lower ion bombardment energies, which generally reduces
residual stress within the deposited film. The biggest advantage of RF sputtering is the ability to
sputter insulating (high resistivity) target materials such as oxides and semiconductors, which are
nearly impossible to sputter under a DC bias. This is achieved by exploiting the reduced impedance
of dielectrics at higher AC frequencies, allowing current to pass through.
(a) (b)
Figure 4.3: The formation of negative self-bias. (a) Net current under no negative self-bias. (b)
Net zero current under negative self-bias.[172]
One notable consequence of RF sputtering is that the target negatively self-biases due
to the higher mobility of electrons relative to ions. Figure S.3a illustrates the target AC signal
when there is no self-bias, which draws more electron current during the first half-cycle than the
positive ion current during the negative half-cycle, constituting non-zero net current despite the
absence of any charge transfer through the target. Thus, a maintaing a zero net current signal
results in a negative bias (Figure S.3b). Additionally, the plasma discharge for an insulating target
has capacitive and well as resistive characteristics, thus, efficient coupling of the RF power supply
to the target requires an impedance-matching network. This network, which consists of some
combination of variable and fixed capacitors and inductors, is needed to match the load impedance
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with the source impedance, thus maximizing power delivery to the target.
4.2.4 Reactive Sputtering
For more complex systems, such as metal oxides, the introduction of a reactive gas (i.e.
oxygen) is needed to initiate reactive sputtering. Depending on which reactive gas is introduced
during sputtering, several different types of compound thiln flms (e.g. oxides, nitrides, carbides,
etc.) can be readily made. Compound thin film properties such as doping content, oxidation
state(s), structure, vacancy concentration, etc., are largely dependent on the sputtering conditions
(e.g. partial pressure, gas flow rate, and reactive gas/noble gas flow ratio).
Figure 4.4: (a) A picture of Fenris RF sputterer. (b) A schematic of off-axis reactive sputtering
to form composition spread thin films. (c) A top view of co-sputtering 3 different targets on a 3”
diameter substrate.
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4.3 Laboratory Sputter Systems
4.3.1 Fenris RF Sputterer
One of our flagship sputter systems is an RF-sputter system located within the van Dover
lab. Uniquely given the name ”Fenris” (Figure S.4a), this instrument is an off-axis sputter system
capable of reactively co-sputtering as many as three targets simultaneously. While connected to
dedicated Ar, O2 and N2 tanks, this system is capable of sputtering complex compound films us-
ing conductive and non-conductive target materials (i.e. oxides, semiconductors, etc.). The setup,
illustrated in Figure S.4b-c, consists of three independent magnetron sputter guns oriented orthogo-
nal to one another and off-axis from the substrate that rests on top of a removable flat stage mounted
at the center of the chamber. The off-axis configuration is specifically designed for non-uniform
co-sputtering, facilitating the formation of continuous composition spreads. This configuration
also reduces direct bombardment of ionized oxygen, which is known to induce pinholes and other
defects.
The chamber is evacuated to semi-high vacuum (∼10-6 Torr) using a turbo pump. The
gate valve between the turbo pump and chamber is finely controlled using a wheel valve, allowing
the user to partially close the gate valve to establish steady gas flow to reach intermediate partial
pressures. Both the turbo pump and the chamber are connected to a mechanical pump used to
initially evacuate the chamber to intermediate pressures (∼50-100 mTorr) prior to opening the
gate valve to the turbo pump. The top of the chamber contains spring-loaded shutters that can
be lowered to cover the magnetron sputter guns in order to sequester the substrate during pre-
sputtering. Whether for reactive or non-reactive sputtering, the operating partial pressure was
typically set to around 30 mTorr. During deposition, the Ar/O2 flow rates are generally set between
40/10 and 15/10 SCCM, depending the material being sputtered and the desired properties of the
compound films.
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Figure 4.5: An illustration of on-axis sputtering in Gilamesh.[182]
4.3.2 Gilgamesh DC Sputterer
Another combinatorial sputter instrument owned by the van Dover lab is ”Gilgamesh”, a
DC co-sputter system containing five magnetron sputter guns, three of which are arranged 120 °C
apart (Figure S.5). The three-gun cluster has an on-axis configuration with a vertically mounted
substrate. Up to three samples can be loaded into the chamber at a time, which are mounted on a
rotatable post. In addition to the three-gun cluster, there is a secondary magnetron sputter gun and
an S-gun for more uniform sputtering.
The chamber is connected to a high vacuum cryopump, which evacuates the chamber
through the condensation of gas and vapor using condensed helium to chill the cryo-wall. Typical
chamber pressures reached around ∼2 x 10-6 at cryo-temperatures of around 14.5-15 Kelvin. As a
standard for most vacuum systems, the chamber is also connected to a mechanical pump to reach
intermediate pressures prior to transitioning into high vacuum. Unlike Fenris, the gate valves
for Gilgamesh are controlled electronically by switches. The chamber also contains a valve that
partially opens to allow gas flow to reach a suitable sputter pressure.
Partial pressures of Ar were typically set to 10 mTorr during sputtering. One of the ad-
vantages of Gilgamesh relative to Fenris is the built-in quartz crystal monitor for deposition rate
measurements, making calibration far less tedious and time-consuming. Although Gilgamesh, like
Fenris, was designed specifically for co-sputtering, and has previously been utilized by other grad-
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uate students, it was generally relegated as a secondary system, since this research was heavily
focused on oxide thin films. Consequently, Gilgamesh was limited to DC-sputtering conductive
under layer films, which were subsequently loaded into Fenris.
4.4 Characterization Techniques
4.4.1 X-Ray Diffraction
X-ray diffraction is one of the most prolific and powerful techniques for obtaining key
quantitative information regarding the atomic structure of a material. Interactions between X-rays
and matter leave a scattered footprint corresponding to the periodic atomic structure and morphol-
ogy of a given material, whether perfectly crystalline, polycrystalline, strained, or amorphous. The
basic principles of X-ray diffraction (Braggs Law, reciprocal space, structure factor, etc.) are the
foundation for any materials scientist and crystallographer.[38] There are several standard XRD
methods (i.e. powder, Laue, rotating-crystal, etc.) for measuring the various structural properties
(e.g. crystal structure, crystallinity, lattice constant(s), texture, grain size, etc.) of a given sam-
ple material. State-of-the-art XRD equipment here at Cornell (CCMR and CHESS) constituted a
major analytical component to this research. The subsequent sections will briefly discuss some of
these instruments.
GADDS XRD
Although it was the least sophisticated amongst the available CCMR XRD equipment, the
Bruker AXS general area detector diffraction system (GADDS) was one of the major instruments
used during the early stages of this research. This system is an area diffractometer that uses a
collimated Cu-kα (λ = 1.54059 nm) X-ray source. The Hi-STAR area detector detects diffraction
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Figure 4.6: Measured diffraction rings of delta-phase bismuth oxide from GADDS.
spanning the azimuthal space, rapidly identifying crystallographic texture based on the measured
intensities along the diffraction arcs (Figure S.6). Different sample holders can be mounted for a
given sample form (e.g. film, powder, bulk), which includes a flat platform for 3” wafers. Most
of the mounted stages also have adjustable tilt (χ) and rotation (φ). Multiple XRD measurements
were taken at increments along the composition gradient, though the procedure required manual
adjustment of the XY stage. For most of my experiments, the area detector was oriented to 2θ =
40°. Before each experiment, the sample-to-detector distance had to be calibrated using a piece of
iron (Fe) foil as the calibration sample. Over time, this instrument was used less and less frequently
given its relative antiquity and limited functionality in comparison to the Rigaku. However, a new
GADDS was recently installed. Unfortunately, the complete installation of this system was after
completing most of my experimental work.
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(a) (b)
(c)
Figure 4.7: (a) Picture of Rigaku XRD setup. (b) Measured XRD spots across a Pb-Ir oxide
composition spread. (c) Stacked 1-D XRD patterns.
Rigaku
The Rigaku (Figure S.7a) is a theta-theta XRD instrument that is generally the most
widely used diffractometer amongst CCMR users due to its versatility. The system is equipped
with several interchangeable optical components and sample stages. Several custom sample stages
are also available, many of which have adjustable Chi (tilt) and Phi (rotation) axes for rocking
curve, pole, and reflectivity measurements for texture, roughness and film thickness analysis. The
Rigaku is also equipped with a moveable XY sample stage that can support 3”-4” wafers for high-
throughput measurements. An automated routine can be programmed into the Smartlab software,
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allowing for multiple measurements to be taken across the composition spread to resolve the local-
ized crystal structures as a function of composition. Figure S.7c shows the stack of Rigaku patterns
taken across the composition gradient of a Pb-Ir oxide composition spread (Figure S.7b). This ap-
proach becomes somewhat more difficult for ternary systems given the large divergence of the
incident beam size at low incident angles, which changes as the 2θ changes during the experiment.
Figure 4.8: Schematic of XRD/XRF setup in the CHESS A2 hutch.[75]
Synchrotron-Sourced XRD
During a 1-2 week (24/7) period annually, our group performs high-throughput XRD and
XRF experiments at CHESS. These experiments were are critical part in our effort to de-convolute
XRD patterns of complex ternary spread systems, which allows us to fully resolve structural and
compositional maps of our entire composition libraries. The use of high energy X-rays (∼30 keV)
generates XRD patterns that resolve higher order peaks, providing additional information on the
local structure(s) of our films, as well as quantify thin film morphological characteristics such as
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texture, strain and crystallite size. Over the years, we’ve explored several different configurations
to circumvent some of the pervasive issues that have precluded a more streamlined analysis of the
massive cache of data.
One of our earlier setups involved XRD in transmission mode (Figure 5.8) using a Mar
345 area detector downstream from the sample.[73, 75] For this setup, the composition spread was
mounted (taped) onto a flat sample stage connected to a moveable XY stepper motor, and moved
incrementally between each scan, whether in a straight line for a binary spread, or grid-like for a
ternary spread. However, the detected diffraction rings collected downstream are convoluted by
air-scattering, and high intensity spots corresponding to thermal diffuse scattering (TDS) from the
silicon wafer. This was problematic due to the difficulty of developing a systematic algorithm (in
collaboration with the Gomes group in the Computer Science department) that reliably and sys-
tematically removes the TDS background. This challenges is largely attributed to back ground drift
due to slight changes in the orientation of the Si wafer, forcing the user to remove the background
manually during analysis.
One major modification made for the transmission XRD setup involved the development
of a periodic array of etched silicon, leaving thin silicon nitride (SiN) membranes. These mem-
branes leave a faint amorphous background as opposed to the strong TDS signal, significantly
simplifying the analysis. However, this approach was also met with additional challenges associ-
ated with additional processing and difficult handling. Aside from the time consumption of etching
these Si nitride windows, which was done at the Cornell nanofabrication facility (CNF), the mem-
branes were mechanically brittle, resulting in several broken membranes for a single substrate.
Another configuration, which constituted a major fraction of the characterization results
reported in Chapters 5 and 7, used a fixed-angle reflection setup (Figure 4.9a). This setup was
derived from a grazing-angle setup designed by Peter Beaucage from the Weisner group, which
involves an X-ray beam that is incident at a low angle, though the incident angle for this setup
was set between 5-7° relative to the plane of the film. The scattered X-rays are then measured by
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(c)
Figure 4.9: (a) Picture and illustration of the CHESS XRD reflection setup. (b) Area diffraction
pattern of delta-phase bismuth oxide. (c) Top view of bismuth oxide film with different laser anneal
lines, and corresponding phase map across each anneal line.
a Pilatus3-300K pixel array detector setup down-stream. This approach was somewhat limited to
binary composition spread systems due to the divergence of the incident beam. By taking measure-
ments in reflection mode as opposed to transmission mode, this configuration greatly reduces the
intensity of the TDS background signal, though the signal is unfortunately still present. Efforts to
further reduce the intensity of the TDS background included a custom-built sample stage that cools
the sample using liquid nitrogen, since TDS signal is governed by the phononic activity of the Si
atoms. This setup was instrumental in mapping the phase structures of bismuth oxide as a function
92
of annealing temperature and dwell time (Figure 4.9b-c), which resolve phase regions across sev-
eral different anneal lines corresponding to specific annealing conditions (i.e. peak temperature,
anneal time) - See chapter 7 for the full manuscript.
Figure 4.10: Illustraton of photoelectron emission (top) and Auger electron emission
(bottom).[161]
4.4.2 X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemi-
cal analysis (ESCA), is a popular surface characterization technique for composition analysis. XPS
works by irradiating the sample surface with X-rays, producing photoelectrons that are ejected at
a kinetic energy characteristic of the ionized material electron shell structure.[161, 259] X-ray ad-
sorption also causes outer-shell Auger electrons to eject in response to ion relaxation upon photoe-
mission (Figure 4.10). Typical X-rays sources for XPS use Mg-Kα (1253.6 eV) or Al-Kα (1486.6
eV) emission. Although X-rays can penetrate a given sample material at a depth between 1-10 µm,
the depth for detectable photoemission is only tens of angstroms. Photoelectrons deeper within the
sample lose energy from scattering, and are subsequently detected as background.
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(b)
Figure 4.11: (a) Picture of XPS setup in Clark Hall. (b) XPS spectrum of a Mn-Ru oxide compo-
sition spread with highlighted Mn 2p and Ru3d peaks.
XPS was the primary tool for thin film surface composition analysis. The XPS system
within CCMR uses an Al anode as the X-ray source (Figure 4.11a). In addition to reduce photo-
electron scattering, XPS experiments must be done in ultra-high vacuum (UHV) at around ∼10-9
torr in order to remove adsorbed gases and other contaminants from the sample surface. The detec-
tor operates as a channel photoelectron multiplier, in which an incoming electron moves through a
biased channel. As the incoming photoelectron bombards the channel wall, it produces secondary
electrons, triggering a cascade effect of multiplied secondary electron emission upon each bom-
bardment while collectively moving down the channel. Consequently, what started as a single
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photoelectron turned into an amplified pulse signal.
The typical XPS spectrum shows various peaks at a particular binding energy correspond-
ing to the electron shell structure of the irradiated material (Figure 4.11b). Quantifying the compo-
sition is achieved by integrating select peaks corresponding to the elements of the sample. This was
done using a fairly simple Casa XPS program, which quantifies the intensity of the peaks while
accounting for factors such as electron population, the Scofield cross-section, and the relative
sensitivity factor (RSF). Many insulating samples may experience sample-charging in which the
ionized surface is not charge-compensated, causing a secondary electrostatic effect on the emitted
electrons. This results in a systematic shift in the spectra due to the reduction in kinetic photo-
electron energies. This is most problematic when trying to de-convolute overlapping peaks cor-
responding to different oxidation states. To circumvent this problem, a secondary probe is used
to charge-compensate the measured surface. Moreover, post-analysis can use a reference peak to
manually correct the shift. For instance, the carbon C1s peak, which is typically fixed at a binding
energy of 284 eV, is one of the more common reference peaks.
(a)
Figure 4.12: Illustration of XRF.
4.4.3 Synchrotron-Sourced X-ray Fluorescence
In contrast to XPS, X-ray fluorescence (XRF) measures the excitation-induced fluorescent
signal emitted from the sample thats irradiated from an X-ray source (Figure 4.12). The fluores-
cence energies correspond to the electron shell structure unique to the sample material. Unfortu-
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nately, there were no existing CCMR instruments capable of XRF. However, high-resolution XRF
measurements were performed at CHESS using their synchrotron-sourced high-energy X-rays and
state-of-the-art detectors.
(a) (b)
Figure 4.13: (a) Schematic of the Maia detector and XRF setup. (b) De-convolution of XRF spectra
using dynamic analysis.[204, 220]
We used a state-of-the-art high-resolution area Maia detector[204, 220] to rapidly retrieve
XRF signals, generating high-resolution composition maps of our films (Figure 4.13a). A high-
energy X-ray source (31.9 KeV) was incident perpendicular to the film, and spatially scanned
across the entire area in step increments of 200 µm. Composition analysis was performed using
the software, Geopixe, capable of dynamic analysis for real time fitting and de-convolution of the
fluorescent spectra (Figure 4.13b).[203, 199, 202, 201, 200] In our previous CHESS runs, XRF
measurements were taken in parallel with synchrotron-sourced XRD experiments using a conven-
tional solid-state (SS) detector. The Maia detector, which regrettably was only used a handful of
times throughout this research, is a detector array consisting of 384 solid-state detectors, allow-
ing the user to capture intricate compositional details of complex materials, chiefly minerals and
biological systems. Using a large array of SS detectors mitigates the limitations of conventional
single detectors, which suffer from signal saturation due to photon pileup.
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(a)
Figure 4.14: Composition mapped Pb-Ir oxide composition spread.
The Maia detector has an annular ”backscattering” geometry where the beam passes
through an opening embedded within the surrounding detector array. With the sample upstream
from the detector, this configuration increases fluorescent yield, and imposes far less restrictions
on sample size and scale of scanning. When coupled to the Geopixe software, rapid collection
of data is immediately processed (real-time processing). As mentioned earlier, rapid spectral de-
convolution is done through dynamic analysis, while circumventing common artifacts attributed to
pile-up, elastic and Compton peaks, escape peaks, and peak tails from incomplete charge collec-
tion. The utility of the Maia detector is exemplified by figure 4.14, which shows a highly resolved
composition image of the entire Pb-Ir oxide thin film.
4.5 Closing Summary
In this chapter, we summarized the basic operation of sputtering, and elaborated on key
sputtering instruments available within the van Dover lab. These systems are a core part of our
high-throughput combinatorial approach to fabricating new complex material libraries for any ap-
plication. Additionally, this chapter summarized some of the key characterization methods (i.e.
XRD, XPS, XRF) that were used throughout my time as a graduate student. Secondary instru-
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ments such as filmetrics, ellipsometry, and profilometry were also used, but their infrequent use or
overly simplistic design didn’t warrant their own summary. Other characterization methods that I
feel would have bolstered some of the results presented in this thesis include SEM and AFM. Both
would have added some additional information regarding surface roughness and film morphology,
which does affect catalytic activity.
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CHAPTER 5
MANUSCRIPT - HIGH THROUGHPUT OXYGEN REDUCTION/EVOLUTION
CATALYST STUDIES ON MANGANESE-RUTHENIUM OXIDE
5.1 Abstract
Considerable progress in the design and optimization of alkaline electrolytes in low tem-
perature fuel cells, metal-air batteries, and electrolyzers has become the impetus for expanding
the search for inexpensive alternative bifunctional oxygen reduction/evolution reaction catalysts.
Manganese-based oxides are one of the central bifunctional catalysts of interest, exhibiting activi-
ties comparable to platinum-based materials, though far more abundant and less expensive. In this
study, co-sputtered manganese ruthenium oxide composition spread thin films were screened us-
ing cyclic voltammetry, mapping ORR and OER catalytic activities as a function of composition.
Structural information from synchrotron-source X-ray diffraction reveals the most active regions of
the film to be single-phase MnxRu1-xO2-y (0.07 < x < 0.45), a mixed cation rutile structure not been
previously reported. Rotating disk electrode measurements of the most active composition range
(12-20 at. % Mn) not only validates the high-throughput screening results, but the catalytic activity
was comparable to Pt for ORR, and RuO2 for OER. While the synergistic effects that govern the
enhanced bifunctional activity of MnxRu1-xO2-y is speculative, this new oxide material represents
a new and promising alternative catalyst.
5.2 Introduction
Research and development of low temperature fuel cells, metal-air batteries, electrolyz-
ers for fuel regeneration, and unitized regenerative fuel cells (URFC) has played a crucial role
in integrating clean energy technologies into our current energy infrastructure. However, electro-
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chemical performance is still limited by sluggish oxygen reduction/evolution reaction (ORR/OER)
rates, necessitating the incorporation of active electrode electrocatalysts in order to reach viable
performance standards. Commercial electrolytes such as proton-exchange membranes (PEM) are
highly corrosive to most materials, restricting candidate ORR/OER catalysts to rare and expensive
precious metals, most notably Pt and Pt-alloys for ORR[61, 71], and (Ir,Ru)-based materials for
OER.[119] Serving as viable alternatives to PEMs, anion exchange membranes (AEM) have re-
cently spiked in interest due to major improvements on OH- ion transport kinetics and chemical
stability.[253, 91, 254] Moreover, AEMs impose a far less oxidizing environment, enabling a more
expansive search for alternative non Pt-based electrocatalysts.
Amongst the vast library of potential catalysts chemically compatible with alkaline elec-
trolytes, manganese (Mn)-containing oxides are promising alternative non-precious metal bifunc-
tional catalysts.[127, 22, 29, 68, 174, 234, 221, 163, 110, 276, 45, 275, 28, 21, 92, 50] Demon-
strating fair catalytic activity for ORR and OER, Mn-oxide is attractive for its high abundance,
low toxicity, and low cost. Previous studies have looked extensively at the catalytic properties
of Mn-oxide, reporting widely disparate activity results due to the existence of various forms of
Mn-oxide that are differentiated by their valence state, phase structure, polymorphic structure,
composition, and morphology.[45, 149] For instance, α-Mn2O3, MnOOH, Mn3O4, and certain
polymorphs of MnO2 have been identified as active ORR catalysts while MnO is comparatively
inactive.[127, 146, 128] Interests in Mn-based catalysts have also extended towards mixed oxide
systems[16, 113] such as ternary Mn-metal oxides (spinel, perovskites)[131, 106, 122, 27, 238],
Mn-oxide/metal composites[179, 50, 49], and Mn-doped carbon nanomaterials.[131, 250] These
mixed-cation and composite systems have been reported as strong bifunctional oxygen electrocat-
alysts with evidence of synergistic enhancements attributed to combinations of dual active sites of
the constituent materials, improved electron transfer, and electronic coupling effects.[238]
Ruthenium oxide is well-known oxygen evolution catalyst, exhibiting one of the highest
known activities for OER[119], and therefore a component material of interest for hosting mixed
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oxides, including Ni, Co, Fe, and Zn-doped RuO2.[183, 184] However, there have been few studies
on Mn-Ru oxide as candidate bifunctional electrocatalysts.[158, 157, 79, 102] Although RuO2 is
not highly abundant in the Earths crust, it is significantly less expensive than theprecious metals
used ascatalysts (Pt, Pd, Ir, and Au). Beyond some theoretical work on using Mn to stabilized a
high-pressure cubic fluorite polymorph of RuO2[98], there is currently no known phase database or
reports of an atomically-mixed Mn-oxide and RuO2 system (MnxRu1-xO2-y). Jang et al. synthesized
and evaluated a physically separated mixture of α-MnO2 and RuO2 as evidenced by the distinct
set of XRD patterns corresponding to the aforementioned phases.[102] Guo et al. also describes
an oxide catalyst system containing γ-MnO2and RuO2 which was also phase separated with no
evidence of Mn-substitution.[79]
In this study, co-sputtered Mn-Ru oxide thin films, which form a continuous composition
gradient across a single film, were evaluated as bifunctional oxygen electrocatlaysts using high-
throughput electrochemical and characterization techniques. Upon screening ORR/OER catalytic
activities combined with an XRD map taken across the composition gradient, the most catalytically
active regions were identified to be single-phase Mn-doped RuO2, or MnxRu1-xO2-y (0.07 < x <
0.45), a previously unreported ternary oxide system.
5.3 Experimental Procedure
5.3.1 Reactive Co-sputtering of Mn-Ru Oxide
Non-uniform (150-400 nm thick) binary manganese-ruthenium oxide (Mn-Ru-O) com-
position spread thin films were deposited onto76.2 mm (3”) diameter silicon (100) wafers using
off-axis reactive RF co-sputtering. The sputter system used has been previously described.[46] The
film was co-sputtered from Mn and Ru metal targets for 20 minutes on a substrate holder heated to
∼350 °C. Films that were used for electrochemical testing were first coated with a 60 nm Ru metal
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layer using DC sputtering in 10 mTorr Ar; the Ru underlayer is a conductive backing required for
electrochemical testing in order to minimize the resistance drop across the area of the composition
spread film. Each film was then placed in the vacuum chamber until a base pressure of ∼2 x 10-6
Torr was reached. Subsequently, a steady flow of 40 sccm Ar and 10 sccm O2 gas (20% O2) was
introduced to obtain a partial pressure of 30 mTorr. To clean the target surfaces and develop a
steady sputter rate, both targets were pre-sputtered for 10-15 minutes prior to co-sputtering.
5.3.2 Characterization
Multiple X-ray photoelectron spectroscopy (XPS) measurements were obtained in order
to calculate and fit the surface composition gradient across the Mn-Ru oxide spread. The XPS
system itself consisted of an Al-anode X-ray source and a chamber that evacuates to UHV (∼10-9
Torr). Each scan was taken incrementally across the composition gradient of the film. Composition
analysis involved peak integration of the Mn 2p and the Ru 3d peaks.
High-energy fixed-angle area detector synchrotron source XRD measurements were taken
across the Mn-Ru oxide composition spreads at the Cornell High Energy Synchrotron Source
(CHESS). A 19.6582 keV beam that was reduced to a 25x200 µm rectanglular spot size using
knife-edge slits, and incident at a fixed angle ranging from 7-5° relative to the film plane. The
scattered x-rays were detected using a Pilatus 2k area detector. The sample was placed on top of
a moveable stage, and 143 XRD measurements were taken across the composition gradient of the
film in 500 µm step increments. The long dimension of the beam spot was oriented perpendicu-
lar to the composition gradient to minimize the composition range across the beam spot. The Ru
metal under-layer acted as a calibration standard to accurately infer the sample-to-detector distance
during post-experiment analysis.
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5.3.3 CV Measurements
Oxygen reduction and oxygen evolution activity screening was performed across the sur-
face of the Mn-Ru oxide composition spread using a three-electrode test cell connected to a model
BAS CV-27 potentiostat. The custom-built electrochemical cell consists of a 6 mm inner diameter
cylindrical Teflon container that locally seals and interfaces the electrolyte solution with the film
surface that acts as the working electrode. The geometric surface area measured at any location
has a diameter of 6 mm. The interior of the cell features a long coiled gold auxiliary electrode that
lines the interior of the Teflon tube, and is fitted with three plastic tubes with one end protruding
from the top of the cell and the other end near the film surface. Two of the three tubes act as an
inlet and outlet for electrolyte solution to be injected and removed, while the third tube functions as
an electrolyte bridge that connects the cell to a separate container holding the Ag/AgCl reference
electrode. The choice of housing the reference electrode in a separate container, as opposed to sit-
uating it near the film surface to minimize uncompensated resistance, was done to avoid chloride
(Cl-) contamination of the Au counter electrode and the film surface.
A series of cyclic voltammetry measurements were taken across the composition spread
to screen the ORR and OER catalytic activities of the film. Each measurement was taken at room
temperature in 0.1 M NaOH alkaline solution. Each spot was initially cycled at 50 mV/s in N2
saturated solution for 15-30 minutes to determine the background CV hysteresis. No reduction
pretreatment step was taken prior to testing in order to avoid the risk of irreversibly reducing the
oxide surface. The potential range in which each surface was cycled was typically within a range
that did not expand beyond the -0.8 to 0.2 V window. The N2 saturated solution was subsequently
removed from the cell, and replaced with an O2-saturated solution. Beginning the scan at a poten-
tial above the onset of oxygen reduction, a cathodic sweep was performed to determine the ORR
current. Because the oxygen near the film surface quickly depletes during reduction, the solution
is removed and replaced with fresh oxygenated after the first cycle. First cycle oxygenated CV
measurements were then repeated 5-6 times to establish consistency, as well as quantify variations
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in our activity results. The potential window for OER was between 0.3-0.7 V, and the film was
cycled at a reduced scan rate of 20 mV/s to reduce the risk of forming oxygen bubbles. After the
first CV cycle, the new solution was introduced, and the measurement was repeated. Similar to
ORR, 5-6 first-cycle measurements were taken to ensure consistent outputs.
5.3.4 Rotating Disk Electrode
CV measurements, while valuable for first level electrochemical screening and rapid anal-
ysis carries well-known uncertainties associated with oxygen mass-transport and the formation of
an oxygen-depletion layer after the first CV cycle, precluding quantitative analysis of the cat-
alytic nature of the film surface. Thus, RDE was modified for testing thin films, particularly
the active areas of the Mn-Ru oxide composition spread. The main chamber of the custom-
built three-compartment cell is 2 inches wide, and has an inner glass basket to prevent cavitation
(whirlpool). The three compartments are connected at the bottom with glass frits, and at the top
with simple glass tubing to equalize the pressure in the three compartments. A large graphite rod
(Sigma Aldrich) was used as the counter electrode and a saturated silver/silver chloride electrode
(Ag/AgCl) was used as the reference electrode.
After screening the Mn-Ru oxide composition spread, the most active region of the film
was cleaved into a 9x9 mm and placed in the RDE test cell. The back of the cleaved film was
coated with a thin layer of silver paint a good electrical contact with the carbon backing. The
film was then placed in a 1” diameter Teflon holder machined to fit an electrode with a 10x10 mm
surface area, with a 5 mm diameter opening to expose the test electrode to the electrolyte is located
at the test end of the Teflon rod. A recess was made to place an O-ring (0.25 in), in order to prevent
liquid leakage into the sample holder. After placing the back-contacted sample inside, the Teflon
holder was packed with carbon felt (Alfa Aesar) and capped with a custom-made, stainless-steel
current collector (that could be connected to a Pine rotator) by screwing the stainless steel piece to
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the Teflon piece using small hex screws. This process was carried out using a vise to ensure that
the carbon felt was well-packed in order to ensure good electrical conductivity. The RDE was then
mounted onto a PINE rotator connected to a potentiostat and immersed into a beaker full of 0.1 M
NaOH aqueous solution.
Figure 5.1: Surface composition of Mn across the Mn-Ru oxide composition spread inferred from
XPS.
5.4 Results and Discussion
5.4.1 X-Ray Diffraction
Figure S.1 shows the plot of the surface composition obtained from the integrated peaks
of a series of XPS survey scans measured across the Mn-Ru oxide composition spread, which had
a continuous gradient ranging from 7 to 96 at.% Mn. Figure S.2a displays a 2D intensity map of
the integrated area XRD pattern, which were measured across the composition gradient that bisects
the film (same measured path as XPS). The vertical lines correspond to specific crystalline peaks,
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(a) (b)
Figure 5.2: (a) Synchrotron-source area detector XRD scans were integrated along the azimuthal
direction (see supplementary). The collection of scans, which are taken along the Mn-Ru oxide
composition spread, are spatially stacked and projected as a color map. The color map is comprised
of 143 scans taken across the film at 0.5 mm increments. (b) Sample integrated area-detector XRD
scans taken in increments of 10 mm across the film. The lines above the figure correspond to
theoretical peaks for Ru (black), RuO2 (red), and Mn2O3 (blue).
showcasing structural transitions based on the changing line width and intensity when moving
through the composition gradient. Figure S.2b shows select integrated 1D scans corresponding
to specific positions indicated on Figure S.2a in increments of 10 mm. Starting from the Ru-rich
region (bottom of Figure S.2a), the film maintains a single RuO2-like rutile structure that extends
to ∼32 mm,[119] with evidence of lattice strain induced by Mn-doping, forming an atomically
mixed cation phase, MnxRu1-xO2-y. Beyond ∼32 mm towards the Mn-rich region, the film appears
to contain both Mn-doped RuO2 and cubic bixbyite αα-Mn2O3. However, there was no discernable
peak shift for α-Mn2O3 across the composition gradient, showing no evidence of Ru4+ doping the
α-Mn2O3 lattice frame. The most intense peaks, which appear uniform in intensity across the
phase map, corresponds to metallic Ru. However, no metallic Ru peaks were detected from the
XRD results on a RuO2 film and a second Mn-Ru oxide composition spread that were deposited
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onto bare silicon, Confirming that the 60 nm Ru underlayer is the source of metallic Ru diffraction.
(a) (b)
Figure 5.3: (a) A stacked plot XRD overlay of the RuO2 (101) peaks of the Mn-Ru oxide compo-
sition spread and the RuO2/Ru underlayer. (b) A plot of the unit cell volume calculated from the a
and c constants, inferred from the (110) and (101) RuO2 peaks, as function of Mn-content.
Evidence of Mn-doping is exemplified by the stacked of (101) RuO2 peaks shown in
Figure S.3a, which clearly to shift to higher Q as the Mn-content increases. The positive shift
signifies lattice contraction due to Ru4+ (r = 0.62 Å)[181] site substitution of smaller Mn ions, most
notably Mn3+ (r = 0.58 Å)[181] and/or Mn4+ (r = 0.53 Å)[181], though the Mn oxidation states
within the film is currently unknown. However, the detection of the single secondary phase, α-
Mn2O3, may suggest that Mn3+ is a possible dopant incorporated into the RuO2 lattice, which must
be charge compensated by the formation of oxygen vacancies. Moreover, similarly doped RuO2
systems (CoxRu1-xO2-y and NixRu1-xO2-y) showed that the Ru4+ sites of RuO2 can be occupied by
lower valence Co3+ and Ni3+ (oxidation state of Ni changed with composition).[183]
Peak doublets are also observed when the (101) diffraction intensity decreases when ap-
107
proaching higher Mn compositions (diffraction intensities of each stacked plot are not at the same
scale). The lower Q peak of the doublet matches the theoretical Q(101) value of pure RuO2 (2.456
Å-1)[119]. Thus, the doublet may be an overlap of (101) MnxRu1-xO2-y and (101) RuO2 from a
partially oxidized Ru underlayer, which likely formed when the sample was heated during reactive
sputtering. Figure 3b displays a plot of the rutile MnxRu1-xO2-y unit cell volume across the com-
position gradient. Beginning at the edge of the film within the Ru-rich region, the unit cell volume
decreases as the Mn-content increase until reaching a plateau at ∼45 at.% Mn (∼32 mm), which
coincides with the point in which α-Mn2O3 begins to form.
The XRD results combined with XPS estimates a composition range for single phase
MnxRu1-xO2-y (0.07 < x < 0.45). However, as previously inferred, the morphology of the Mn-
Ru oxide composition spread is not well understood. The possibility of nano-sized or amorphous
phase segregated Mn-oxide domains may inflate the composition of Mn, including the saturation
point of MnxRu1-xO2-y. Furthermore, XPS is limited to surface composition, which is problematic
if there are large disparities between surface and bulk compositions. Surprisingly, single phase
MnxRu1-xO2-y has not been reported in literature, suggesting that MnOx and RuO2 are largely
immiscible.[158, 157, 79, 102] Thus, MnxRu1-xO2-y, may be metastable, which is not uncommon
for sputtered systems.[53] Reactive sputtering, coupled with a relatively low deposition tempera-
ture of ∼350 °C may have imposed kinetic restrictions on phase separation, locking in the inter-
mixed crystal structure.
Figure S.4b,c,d compares cyclic voltammetry (CV) plots taken of representative regions
within the film: the Ru-rich region (single phase MnxRu1-xO2-y), Mn-rich region (where α-Mn2O3
is the predominant phase), and the center region (both MnxRu1-xO2-y and α-Mn2O3 phases present).
Each plot contains CVs in nitrogen-bubbled solution, and oxygen-bubbled 0.1 M NaOH solution.
Additionally, CVs of RuO2 (Figure S.4c) and Mn-oxide thin films (Figure S.4e) provide baseline
comparisons.
108
(a) (b) (c)
(d) (e) (f)
Figure 5.4: Cyclic voltammograms at 50 mV/s in oxygen-bubbled and nitrogen-bubbled 0.1 M
NaOH for the ORR catalytic screening (b) Ru-rich, (c) Center, (d) Mn-Rich of the Mn-Ru oxide
composition spread. The results were compared to (e) RuO2 thin film, and a (f) Mn-Oxide thin
film.
5.4.2 Oxygen Reduction Catalysis
The background CV of MnxRu1-xO2-y within the Ru-rich region shows a mixture of broad
peaks corresponding to the surface redox transitions of RuO2 and Mn-oxide. The cathodic/anodic
peaks between 0 and 0.2 V are characteristic of the Ru(IV)/Ru(V) transitions.[80, 25] Moreover,
the CV contains additional peaks that are absent from the RuO2 film; the redox couples between
-0.05 and -0.2 V and 0.3 and -0.5 V likely correspond to the Mn(IV)/Mn(III), and Mn(III)/Mn(II)
transitions, respectively.[127, 68, 146, 128, 195, 145] The CV features of the center and Mn-rich
region matches closely with the Mn-oxide film, identified as α-Mn2O3.[69] However, the difference
between the center and Mn-Rich region is underscored by the increase in double-layer capacitance
and integrated charge of the redox peak between -0.2 and 0 V as the phase composition of α-Mn2O3
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increases. In general, this behavior is consistent with many Mn-oxides, which are known for their
high capacitance and pseudo-capacitance.[104, 266]
Superimposed on the background CVs, the oxygen-saturated CVs (all shown in red) show
the onsets of oxygen reduction current. Among the CVs shown, the single phase MnxRu1-xO2-y
shows the strongest ORR activity as evidenced by the more positive onset potential and strong
reduction current within the kinetic regime upon correcting for double-layer current. As expected,
RuO2 is a relatively poor ORR catalyst[25], while the activity of the Mn-oxide film is compara-
tively better and consistent with previous studies that have noted α-Mn2O3 catalysts.[145] How-
ever, the Mn-oxide film, based on onset and corrected kinetic current, appears less active than
MnxRu1-xO2-y, suggesting catalytic enhancement thats predicated on the atomic mixing of both
RuO2 and MnOx. The oxygenated CVs of the center and Mn-rich regions are also less catalytic
active than MnxRu1-xO2-y, with the Mn-rich region closely matching the CV of the Mn-oxide film.
Therefore, the decrease in activity may be attributed to an increase in phase-segregated α-Mn2O3.
However, the composition of Mn in MnxRu1-xO2-y may also affect the overall ORR activity.
Qualitative ORR activity screening across the entire composition spread is presented in
figure 5 along with the activity results obtained on sputtered Pt and RuO2 for comparison. The
region for single phase MnxRu1-xO2-y (0.07 < x < 0.45) is highlighted within the Ru-rich region in
Figure S.5a, as well as the region corresponding to phase segregated MnxRu1-xO2-y and α-Mn2O3.
The most active region of the composition spread, notably contained within the Ru-rich (high-
lighted by the (*) symbol), is single-phase MnxRu1-xO2-y with a surface composition roughly be-
tween 12 and 20 at.% Mn; this region has the highest measured EOnset of -55 ± 2 mV, an E1/2 of
-106 ± 2 mV, and the highest current value (at -100 mV) of -110 ± 3 mA. Furthermore, the most
active spot has an activity comparable to that of sputtered Pt; the Eonset and E1/2 of Pt are higher by
only around 30 and 25 mV, respectively. Beyond the most active spot towards the Mn-rich region,
the activity diminishes as demonstrated by the progressive decrease in E1/2 and sharp decrease in
kinetic current. This suggests that ORR activity diminishes when the doping composition of Mn
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Figure 5.5: Qualitative ORR activity screening across the Mn-Ru-O composition spread along
with comparative results from Pt and RuO2. (a) Onset potential (EOnset) and the half-wave potential
(E1/2) bar graph along the composition gradient. EOnset is defined at -10 µA relative to the base-
line (double-layer) current of the CV. E1/2, is defined as the potential half-way between the onset
potential and the potential where the peak reduction current is observed. (b) The kinetic reduc-
tion current at -100 mV vs. Ag/AgCl along the composition gradient. The was corrected for the
doublelayer current.
in MnxRu1-xO2-y increases beyond 20 at. % Mn, and when the phase composition of α-Mn2O3
increases.
5.4.3 Oxygen Evolution Catalysis
Each spot measured for OER catalysis was cycled between 0.3 to 0.7 V. Figure S.6 dis-
plays the OER CVs of the Ru-rich, Mn-rich, and center regions (same regions previously dis-
cussed for ORR). Although pure Mn-oxide is not a remarkably active material for OER15, many
have sought to utilize manganese as a major constituent in alternative OER catalysts. The notable
activity of Mn is seen in CaMn4Ox clusters, which are active water oxidation centers with high
turnover frequencies for the naturally ubiquitous photosystem II (PSII)[221, 163], and ternary
Mn-based oxides such as Mn-Co spinels and Mn-La perovskites.[106, 123] Additionally, RuO2
is among the most active materials for OER. As expected, MnxRu1-xO2-y is very active for OER
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Figure 5.6: Cyclic voltammograms at 20 mV/s in oxygen-saturated and nitrogen-saturated 0.1 M
NaOH for the OER catalytic screening between Ru-rich, center, Mn-rich, RuO2 film, and Mn-oxide
film.
catalysis, even slightly better than pure RuO2, though the difference is too small to discern any
perceived enhancement due to Mn-mixing.
Figure S.7 presents the OER screening results across the Mn-Ru-O composition spread.
The OER onset potentials (Figure S.7a) were measured at 10 µA relative to the baseline current.
The OER current is presented in Figure S.7b, which was obtained at 600 mV upon subtracting
the double layer current. The first two spots (tagged by the symbol *) within the Ru-rich region,
which contains single-phase MnxRu1-xO2-y with compositions ranging from 7 to 20 at.% Mn, are
clearly the most active, even showing slightly higher activity than the RuO2 film. Toward the
Mn-rich region, the OER onsets increase and the kinetic current sharply drops, suggesting that the
incorporation of Mn beyond ∼20 at.% Mn diminishes the OER activity, which is further reduced in
regions that contain α-Mn2O3. The screening results could not resolve a lower limit on Mn-content
to maximize OER activity, suggesting that even trace mixing of Mn may enhance OER activity,
though the discrepancy between the active regions and RuO2 film are too small to conclude that
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Figure 5.7: Qualitative OER activity screening results compared to RuO2. (a) Onset potential
(EOnset), defined at 10 µA relative to the baseline (double-layer) current of the CV. (b) The kinetic
OER current at 600 mV vs. Ag/AgCl corrected for the doublelayer current. The dashed line
corresponds to RuO2 for comparison.
MnxRu1-xO2-y is a superior OER catalyst to pure RuO2.
5.4.4 Rotating Disk Electrode for ORR and OER
As previously shown, the most active region (between 12 and 18 mm in figure S.5 a,b)
throughout the Mn-Ru oxide composition spread, has a surface composition ranging from 12-20
at. % Mn, and exhibits the best overall ”bifunctional” activity. The optimal region was cleaved
into a 9x9 mm piece for thin film RDE testing.
Figure 5.8a shows the ORR sweep of the MnRuO-12/20 sample. The results match well
with the CV results obtained by the screening technique, though the RDE sweep curve does show
a slight negative potential shift (15-20 mV) compared to the CV result. More importantly, the
activity of MnRuO-12/20 is comparable to Pt, separated by only ∼50 mV. The OER behavior
is also very strong for MnRuO-12/20 as evidenced by figure 8d. In comparison to a sputtered
IrO2 film, the active region of the composition spread is significantly better, although the OER
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Figure 5.8: (a) ORR RDE 1600 rpm linear sweep voltammetry, (b) ORR Tafel, and (c) Koutecky-
Levich plots of 12-20 at.% Mn of Mn-Ru Oxide and a Pt film. (e) OER RDE linear sweep voltam-
metry 12-20 at.% Mn of Mn-Ru Oxide and Ir2film.
activity of IrO2 film is somewhat worse than what has been reported for optimized IrO2 and RuO2
catalysts[119, 110], which may be attributed to a lower active surface area for the IrO2 film. Figure
8b shows the Tafel slopes for MnRuO-12/20 and Pt films obtained at low overpotentials. The
Tafel slope for MnRuO-12/20 appears slightly higher at 74 mV/dec compared to the Pt film (60
mV/dec); The slope for Pt is consistent with previous studies of Pt surfaces in acidic and alkaline
media.[225] The electron count from the Koutecky-Levich (K-L) plot shown in Figure 5.8c ranges
from 2.9 to 3.2 within the mass-transport limited current regime (-0.3 to -0.8 V), similar to the
Pt film (2.8 to 3.0). These electron counts indicate a mixture of a two-electron and an indirect
four-electron pathway in which peroxide (HO2-) intermediates form.
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Inferences on the ORR reaction mechanisms on MnRuO-12/20 are highly speculative,
though it is apparent from the screening data that Mn plays a significant role in ORR catalysis.
Previous studies on Mn-based oxide catalysts have generally agreed that Mn-oxide goes through
an indirect reaction pathway, involving a partial reduction of oxygen to form HO2- intermediates,
which can either form hydrogen peroxide or be further decomposed into OH- through a dispropor-
tionation step with neighboring HO2- intermediates.[127, 22] Because of the variations between
different Mn-oxide types, the electron transfer efficiency varies widely, ranging from pure perox-
ide formation (n=2) to complete decomposition to OH- (n = 4). Moreover, some studies have
emphasized the role that the Mn(IV)O2/Mn(III)OOH redox couple plays in the ORR activity by
acting as an acceptor/mediator for electron transfer as supported by in-situ XANES.[22, 195] In
the case of RuO2 in alkaline solution, the reduction reaction primarily prefers the two-electron
pathway to form H2O2 due to the strong binding energy of oxygen on Ru sites.[281]
Regardless of the exact catalytic nature of MnxRu1-xO2-y, it is clear that the combination
of Mn-oxide and RuO2 facilitates a certain type of synergistic enhancement for ORR activity. This
effect may be due to improved electronic conductivity and/or a greater tunneling pathway as a
result of well-dispersed reactive Mn-centers within a RuO2 lattice frame, similar to the coupling
behavior observed in Mn-oxide dispersed on precious metal, graphene or carbon nanotubes (CNT)
supports.[149, 179] Also, based on the extensive DFT studies on Pt-alloy systems and perovskite
oxides[94], one may also consider the electronic coupling effects of RuO2 when doped with Mn,
or specifically the effects of Mn doping on the d-band centers of RuO2, descriptors for the balance
between the oxygen binding and oxygen bond-breaking energies that govern ORR catalysis.[238]
5.5 Conclusion
We evaluated a wide range of Mn-Ru oxides in the form of composition spread thin films.
By employing synchroton-source XRD mapping and electrochemical screening for ORR and OER,
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we discovered a highly active composition range that forms a unique mixed cation rutile oxide
structure, MnxRu1-xO2-y (0.07 < x < 0.45). The most active composition range was found between
12 to 20 at. % Mn. Through thin film RDE, the catalytic activity of the optimal composition
region of Mn-Ru oxide was confirmed to be comparable to Pt for ORR, and RuO2/IrO2 for OER.
RDE analysis yielded an electron transfer number ranging from 2.9 to 3.2, indicating a mixed two-
electron and partial four-electron pathway. It is clear that mixing Mn and Ru oxide enhances ORR
activity while maintaining good active OER activity, and thus a promising alternative bifunctional
catalyst.
Figure S.1: Illustration of off-axis co-sputtering and cross section of Mn-Ru oxide composition
spread.
5.6 Supplementary
Non-uniform (150-400 nm thick) binary manganese-ruthenium oxide (Mn-Ru-O) com-
position spread thin films were deposited onto 76.2 mm (3”) diameter silicon (100) wafers using
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an off-axis reactive radio frequency (RF) co-sputtering system. Figure S.1 illustrates the off-axis
co-sputtering configuration for fabricating binary Mn-Ru oxide composition spreads. The film
was co-sputtered for 20 minutes on a heated (∼350 °C) substrate holder. Films that were used for
electrochemical testing were first coated with a 60 nm Ru metal layer using direct current (DC)
sputtering in 10 mTorr Ar; the Ru underlayer is a conductive backing required for electrochemical
testing in order to minimize the resistance drop across the area of the composition spread film.
Each film was then placed in the vacuum chamber until a base pressure of ∼2 x 10-6 Torr was
reached. Subsequently, a steady flow of 40 sccm Ar and 10 sccm O2 gas (20% O2) was introduced
to obtain a partial pressure of 30 mTorr. Prior to co-sputtering, a 10-15 minute pre-sputter step was
taken to clean the target surfaces as well as develop a steady sputter rate.
Figure S.2: Picture and illustration of the CHESS XRD reflection setup.
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5.6.1 Characterization
High-energy fixed-angle area detector synchrotron source XRD measurements were taken
across the Mn-Ru oxide composition spreads at the Cornell High Energy Synchrotron Source
(CHESS). A 19.6582 keV beam that was reduced to a 25x200 µm rectangular spot size using
knife-edge slits, and incident at a fixed angle ranging from 7-5° relative to the film plane (Fig-
ure S.3). The scattered X-rays were detected using a Pilatus 2k area detector. The sample was
placed on top of a moveable stage, and 143 XRD measurements were taken across the composi-
tion gradient of the film in 500 µm step increments. The long dimension of the beam spot was
oriented perpendicular to the composition gradient to minimize the composition range under the
beam spot. The Ru metal under-layer acted as a suitable calibration standard to accurately infer
the sample-to-detector distance during post-experiment analysis.
Figure S.3: Illustrative cross-section and picture of electrochemical minicell setup.
5.6.2 CV Measurements
The ”Minicell” is a quasi-high-throughput test cell designed to locally measure the cat-
alytic activity of ORR and OER at the film/electrolyte interface, allowing the user to screen the
entire material library across the film. The apparatus is a custom-built three-electrode cell con-
nected to a potentiostat controlled by a custom LabView program by which the scan rate, voltage
range, voltage gain are set and adjusted. Figure S.3 shows both an illustration of the cell cross-
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section and a photo of the actual setup. The composition spread thin film rests on top of a flat
platform, the base of the minicell setup. Connected to the platform are two supports for a flat steel
plate with a built-in slit, which is connected to the top of the test cell by a rotatable flat head screw.
The cell can move laterally above the film and manually lower onto a chosen test spot. Manual XY
movement of the cell is facilitated by sliding the screw that is connected to the cell along the slit
embedded into the overhead plate, and moveable supports that slide along grooves along the sides
of the platform.
The test cell is a hollow Teflon cylinder that locally interfaces with the surface of the film,
which is designated as the working electrode. The test area has a diameter of 6 mm. During testing,
the analyte is sealed inside the cell by a rubber O-ring that fits around the bottom lip of the cylinder.
The interior wall of the cylinder is lined with a coiled gold (Au) auxiliary wire. The interior also
contains three thin plastic tubes located near the bottom of the cell (close to the film surface when
interfaced). The other ends of the tubes protrude from the top of the cell. Two of the three tubes
function as an inlet and outlet for injecting and removing electrolyte solution, respectively, while
the third tube functions as an electrolyte bridge between the film and the reference electrode.
Capillary forces along the tube help maintain a continuum of analyte solution between the cell
and the RE container. The reference electrode is a silver/silver chloride Ag/AgCl wire in saturated
KCl (stable potential of 0.197 V vs. SHE). The reference is sealed within a glass tube, and is
held within a separate container filled with the same analyte as the cell. The choice of housing
the reference electrode in a separate container, as opposed to situating it near the film surface to
minimize uncompensated resistance, was done to avoid chloride (Cl-) contamination of the Au
counter electrode and the film surface.
A series of cyclic voltammetry measurements were taken across the composition spread
to screen the ORR and OER catalytic activities of the film. Each measurement was taken at room
temperature in 0.1 M NaOH alkaline solution. Each spot was initially cycled at 50 mV/s in N2
saturated solution for 15-30 minutes to determine the background CV hysteresis. No reduction
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pretreatment step was taken prior to testing in order to avoid the risk of irreversibly reducing the
oxide surface. The potential range in which each surface was cycled was typically within a range
that did not expand beyond the -0.8 to 0.2 V window. The N2 saturated solution was subsequently
removed from the cell, and replaced with an O2-saturated solution. Beginning the scan at a poten-
tial above the onset of oxygen reduction, a cathodic sweep was performed to determine the ORR
current. Because the oxygen near the film surface quickly depletes during reduction, the solution
is removed and replaced with fresh oxygenated solution after the first cycle and repeated 5-6 times
to establish consistency, as well as quantify variations in our activity results. The potential window
for OER was between around 0.3-0.7 V, and cycled at a reduced scan rate of 20 mV/s to reduce
the risk of forming oxygen bubbles. After the first CV cycle, the new solution was introduced,
and the measurement was repeated. Similar to ORR, 5-6 first-cycle measurements were taken to
ensure consistent outputs. The primary metrics used to qualitatively measure ORR activity was
our defined onset potential, half-wave potential, and kinetic current at a potential of -100 mV vs.
Ag/AgCl (within the kinetic regime). Our defined onset potential was the potential at -10 µA rel-
ative to the capacitive baseline current. Our defined half-wave potential, which slightly deviates
from technical definition, was defined as the half-way between our defined onset potential and our
peak current potential. For OER, the onset was defined as the potential at which the current is at
10 µA relative to the baseline.
Figure S.4: Illustrative cross-section of RDE rod, including film, carbon felt, and steel backing.
Picture of RDE glass basket.
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5.6.3 Rotating Disk Electrode Measurements
The modified thin film RDE setup shown in Figure S4 shows an illustration of the cross
section of the 1 inch diameter hollow Teflon cylinder used to hold a 10 x 10 mm thin film (cleaved
from the composition spread). A 5 mm diameter surface area of the sample film is exposed at the
bottom end of the cylinder, which slightly recesses from the outer periphery towards the planar film
surface. The lip of the opening has a 0.25” O-ring, forming a tight seal with the film. Before placing
the cleaved film inside the Teflon cylinder, the sides and back of the film are coated with silver paste
and heated slightly to remove the solvent. This ensures contact with the carbon backing. Once the
film is placed inside, the rest of the cylinder is filled with carbon felt (Alfa Aesar) and capped with
a custom-made, stainless-steel current collector, which is tightened using a vice, and held together
with hex screws.
The RDE cylinder was tested within a three-compartment cell (Figure S.3). The main
chamber is 2” wide with an inner glass basket to prevent cavitation (whirlpool). The three com-
partments are connected at the bottom with glass frits, and at the top with simple glass tubing (to
equalize the pressure in the three compartments). A graphite rod (Sigma Aldrich) was used as the
counter electrode and a home-made saturated silver/silver chloride electrode (Ag/AgCl) was used
as the reference. No platinum (or any noble metals) was used in the cell to ensure that there was no
contamination from trace Pt from previous experiments. After any tests involving Pt and Au films,
the cell is typically soaked in aqua regia for several hours to remove any residual noble metals.
5.6.4 XPS Surveys
Multiple XPS survey scans were taken across the composition spread and analyzed using
CasaXPS software. The Mn2p and Ru3d peaks were integrated to calculate the surface composi-
tion. Although the Ru 3d electrons between 250 and 300 eV registered the strongest signal, the
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Figure S.5: Stacks of XPS survey scans of Mn-Ru oxide composition spread between 200 and 800
eV.
peaks were convoluted by an overlap with the C1s peak at 284 eV.
5.6.5 CV Results
Nine local CV measurements were taken across the Mn-Ru oxide spread using the method
detailed earlier. The CVs shown in Figure S.6 are for measuring ORR activity. Figure S.7 shows
the 9 CVs to measure OER activity within a potential window of 0.3 to 0.7 V vs. Ag/AgCl (spot C
was swept to 0.75 V and spot D was swept to 0.25 V)
5.6.6 XRD Results
High energy area XRD was performed at CHESS to generate 143 separate images taken
at 500 m steps across the composition spread. Figure S.8 shows some of the representative area
scans. The bright spots and broad streaks correspond to thermal diffuse scattering (TDS) from the
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Figure S.6: Minicell ORR CVs across the entire Mn-Ru oxide composition spread.
silicon substrate. The films also show some variations in ring intensities, indicating some degree
of film texture. For each image using an XRD analysis program called Igor, the background
signal was reduced by masking the TDS. The Q space was then calibrated based on the peak
placement of the Ru underalyer. Selected areas were then integrated to generate the 1D patterns.
The residual background signal in each pattern was subtracted piecewise using a very basic Python
fitting routine.
One of the major observations reported in the heat map (Figure S.2a) was the presence of
strong peaks corresponding to metallic Ru. We were able to confirm that the Ru footprint came
from the Ru underlayer measuring the XRD patterns of an RuO2 film, which was sputtered under
the same conditions as Mn-Ru oxide in the absence of co-sputtering, and a single spot within the
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Figure S.7: Minicell OER CVs across the entire Mn-Ru oxide composition spread.
Ru-rich region on the MnRuO composition spread on bare silicon. Figure S.9 shows the integrated
patterns for both films, which show no peaks corresponding to metallic Ru, particularly the (110)
and (101) peaks, which are most prominently observed at 1.974 and 2.45 Å-1. It should be noted
that the RuO2 film was not measured at CHESS, but at the Cornell Center for Materials Research
(CCMR) using the Bruker AXS general area detector diffraction system (GADDS). Another im-
portant note is that the pattern for the Mn-Ru oxide was not calibrated, meaning the peak placement
is not accurate. Regardless, the absence of strong Ru peaks is sufficient evidence.
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Figure S.8: Representative CHESS XRD area images of the Ru-rich , center and Mn-rich regions.
Figure S.9: Integrated XRD patterns of Mn-Ru oxide (black) composition spread and RuO2 (red)
on bare silicon.
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CHAPTER 6
MANUSCRIPT - COMBINATORIAL HIGH THROUGHPUT OXYGEN REDUCTION
STUDIES ON LEAD-IRIDIUM OXIDE
6.1 Abstract
Renewed interests in low temperature alkaline fuel cells have spurred active research on
alternative non-Pt oxygen reduction catalysts, most notably metal oxides, given the expansive li-
brary of alkaline-stable materials. Exploring the massive class of metal oxide catalysts, especially
when comprised of two or more constituents, fully necessitates combinatorial high-throughput syn-
thesis and electrochemical approaches to facilitate rapid ORR activity screening. In this study, we
demonstrate high-throughput ORR catalysis screening on a lead-iridium oxide composition spread
(5-92 at.% Pb) thin film using electrochemical test cells designed to locally measure ORR activity
sequentially across the composition gradient. Active regions were then identified and tested using
a modified thin-film rotating disk electrode setup. Two phases were or notable interest for ORR
catalysis: non-stoichiometric solid solution Pb2[PbxIr2-x]O7-y pyrochlore, and Pb-doped rutile IrO2
(PbxIr1-xO2-y). While Pb2[PbxIr2-x]O7-y is known to exhibit strong bifunctional activity, the Pb-
doped rutile PbxIr1-xO2-y phase has not been previously evaluated as an oxygen catalysts, though
the thin film compound showed similar catalytic ORR activity to the pyrochlore phase.
6.2 Introduction
Widespread commercial integration of low temperature fuel cells has long been a stated
goal amongst several invested in building a robust clean energy landscape as part of the global ini-
tiative to reduce our carbon footprint. However, poor oxygen reduction reaction (ORR) kinetics at
the cathode continues to be a major performance inhibitor, compounded by the heavy commercial
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dependence on platinum-based catalysts. Over the years, there have been concerted efforts in ad-
vancing alternative electrocatalysts comprised of more abundant and less expensive materials that
can exhibit comparable ORR activities to Pt. Although the acidic environment found in proton-
exchange membrane fuel cells (PEMFCs) significantly limits the library of compatible alternative
electrocatalysts, the transition to anion exchange electrolytes for alkaline fuel cells (AFCs) fa-
cilitates a far greater selection of stable and ORR active cathode materials; this includes metal
and nitrogen-doped nanostructured carbon[263, 125, 66, 189, 17], transition metals[141, 93] and
complex metal oxides.[110, 238, 174]
In particular, metal oxides represent an intriguing class of potential ORR catalysts,
exhibiting wide ranging and tunable properties due to their high degree of structural toler-
ance for lattice distortion, oxygen vacancy formation, and cationic substitution. More specif-
ically, several unique oxides have demonstrated strong catalytic activity for ORR, including
perovskites[246, 81, 107, 283, 238], spinels[122, 27, 131, 126, 237], manganese oxide-based
systems[113, 127, 146, 49, 145, 150, 29, 22], and pyrochlores.[95, 97, 4, 48, 236]
Select compounds within the pyrochlore (A2[AxB2-xO6O’] (A = Bi, Pb; B = Ir, Ru))
family have previously been reported as strong ORR catalysts with metallic conductivity and high
surface areas, thereby functioning as viable stand-alone cathode catalysts.[97, 95, 96, 15, 186] Sub-
sequent studies extensively evaluated the effects of pH[186, 67], oxygen vacancy concentration[60]
and B-site substituted composition[96] on the mechanisms that govern the overall ORR activities.
In this study, we electrochemically screen and evaluate active regions for ORR of co-sputtered lead-
iridium (Pb-Ir) oxide composition spreads, which notably contains two composition-varying phase
regions: solid-solution pyrochlore (Pb2[PbxIr2-x]O6O’) and Pb-doped rutile IrO2 (PbxIr1-xO2-y).
Consequently, systematic navigation through the massive library of complex oxides com-
prised of two or several distinct elements with efficacy and expedition demands a combinatorial
high-throughput approach to facilitate rapid electrochemical screening.[162, 152] Many of these
high-throughput electrochemical approaches have been thoroughly demonstrated optically[152,
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182], and sequentially[55, 134] on a number of different material combinations, and catalytic pro-
cesses. Oxygen reduction screening coupled with modified characterization methods provides a
broad range of information regarding catalytic and structural trends for Pb-Ir oxide.
6.3 Experimental Section
6.3.1 RF Reactive Co-Sputtering
Lead-iridium (Pb-Ir) oxide composition spread thin films were deposited using an off-axis
reactive RF magnetron co-sputtering (summarized in a previous study)[46]) on 76.2 mm diameter
Si substrates (See Supplementary for system description and configuration). Each substrate con-
tained a thin SiO2 buffer layer act as a diffusion barrier. Prior to deposition, the SiO2/Si substrate
was loaded into the chamber and evacuated to a base pressure of ∼ 2 x 10-6 Torr. Two inch di-
ameter metal Pb and Ir targets were then co-sputtered in a 15/10 sccm Ar/O2 reactive gas mixture
maintained at an intermediate partial pressure of 30 mTorr. Both targets were pre-sputtered for
15 minutes prior to a 30 minute co-sputter step, producing a highly intermixed film with a con-
tinuous composition gradient across diameter of the substrate. The applied power to Pb and Ir
were calibrated to 20 to 25 W in order to approximately set a 1:1 composition ratio at the center
of the film with a thickness range of 150-400 nm. Upon deposition, the Pb-Ir oxide composition
spreads were annealed in an air furnace for 1 hour at 600 °C. Although the Pb-rich region was non-
conductive, the pyrochlore and Ir-rich regions of the composition spread were conductive enough
for electrochemical screening without any substantial Ohmic losses through the film.
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6.3.2 X-ray Diffraction
Theta/2Theta X-ray diffraction was performed on multiple spots across the Pb-Ir oxide
spread using a Rigaku Smartlab system equipped with a Cu-kα X-ray (λ = 1.54059 nm) source to
identify the local oxide phase(s), and the structural transitions as a function of composition.
6.3.3 Synchrotron-Source X-ray Fluorescence
Synchrotron X-ray fluorescence (SXRF) measurements were taken at the Cornell High
Energy Synchrotron Source (CHESS) using a state-of-the-art solid-state detector array that facil-
itates high-resolution composition imaging.[220, 204] A high energy synchrotron-sourced X-ray
(31.9 KeV) was incident perpendicular and scanned across the entirety of the film in increments
of 200 µm, rendering a detailed composition image. Measurements were intermittently calibrated
using the measured XRF spectra of a nickel foil. The compositions corresponding to each imaged
pixel was fully quantified using real-time dynamic analysis of the XRF spectra during measuring,
particularly the L-edge peaks of Ir (9.174 keV) and Pb (10.550 keV). The analytical XRF software
used for dynamic analysis was Geopixe, developed by the Commonwealth Scientific and Industrial
Research Organization (CSIRO) in Australia.[204] Dynamic analysis consisted of least-squares fit-
ting followed by rapid deconvolution into linear combinations of the elemental signatures, which
were expressed as inverse matrices, and subsequently transformed into an area mass concentrations
of Pb and Ir. The mass concentrations were then normalized as a Pb/Ir composition map.
6.3.4 Electrochemical Screening-Cyclic Voltammetry
Screening the ORR activity across the Pb-Ir oxide composition spread was performed us-
ing a custom-built three-electrode cell apparatus that locally interfaces with the film surface (desig-
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nated as the working electrode). The electrochemical cell consists of a cylindrical Teflon container
that locally seals the electrolyte solution with the film, yielding a 6 mm diameter geometric sur-
face area. The film was electrolytically driven by a BAS CV-27 potentiostat against a KCl-saturated
Ag/AgCl reference electrode. The cell contains a high surface area counter-electrode in the form
of a long Au wire coiled along the Teflon cell wall interior. A series of cyclic voltammetry (CV)
measurements were taken across the composition spread at room temperature in 0.1 M NaOH alka-
line solution. Each spot was initially cycled at 50 mV/s in N2-saturated solution for 15-30 minutes
to measure the background CV hysteresis within a -0.7 to 0.2 V window. The N2-saturated so-
lution was subsequently removed from the cell, and replaced with an O2-bubbled solution, and
cathodically scanned at a starting potential well above the expected onset. Because the oxygen
near the film surface quickly depletes during reduction, the electrolyte was removed and replaced
with freshly oxygenated solution after the first cycle. First cycle oxygenated CV measurements
were then repeated 3-4 times to establish consistency.
6.3.5 Thin Film Rotating Disk Electrode
Active regions that were identified after ORR screening were cleaved from a newly de-
posited Pb-Ir oxide composition spread into 9x9 mm pieces, and placed in a specialized one inch
diameter Teflon cylinder designed for thin film RDE testing. The test end of the RDE holder ex-
poses a 5 mm diameter geometric area of the cleaved film (See Supplementary for RDE holder
design). The back of the cleaved film was coated with a thin layer of silver paint as a conduc-
tive contact with tightly packed carbon felt (Alfa Aesar), which was capped with a custom-made,
stainless-steel current collector. The RDE holder was then mounted onto a PINE rotator connected
to a potentiostat and immersed in 0.1 M NaOH aqueous solution.
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(a) (b)
Figure S.1: (a) Pb composition map from XRF imaging. (b) Pb composition profile across the
center of the Pb-Ir oxide composition spread.
6.4 Results and Discussion
Figure S.1a shows the rendered image of the Pb composition distribution for the entire
Pb-Ir oxide film. The imaged pixels were calculated from SXRF spectral fitting and dynamic
analysis (DA) of the Ir and Pb L-edge peaks. The DA matrix was then transformed into area
mass densities, and subsequently normalized to their atomic compositions. Figure S.1b trends the
composition of Pb along the cross-section of the film through the center, showing a range of 5 to
92 at.% Pb with an approximate 1:1 Pb/Ir atomic ratio at the center. The contours perpendicular to
the sampled cross-section show vertical composition uniformity orthogonal to the lateral gradient,
only showing slight curvature near the left and right edges of the film.
The as-deposited Pb-Ir oxide film was initially amorphous, and the majority of the film
fully crystallized upon annealing in air at 600 °C. Despite the high temperature anneal, the Pb-
rich region (> 76 at.% Pb) showed no discernable diffraction peaks corresponding to any form
of PbO2 other than a broad low angle amorphous peak. Although the absence of crystallinity
is confounding, Pauleau et al. did report wide variations in the resulting phase structures and
morphology of lead-oxide films as a function of oxygen content, including amorphous Pb-oxide
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(a) (b)
(c)
Figure S.2: (a) Stacked XRD patterns across the Pb-Ir oxide composition spread. (b) Magnified
peaks with respect to IrO2 (110) and Pb2Ir2O6.5 (222) at different Pb compositions. (c) Lattice
parameters for PbxIr1-xO2-y (only a-lattice shown) and Pb2[PbxIr2-x]O7-y, calculated from Rietveld
Refinement.
at oxygen contents above 6% within the discharge.[180] However, his films did not undergo a
post-deposition annealing step, though its possible that the morphological pre-structure prior to
annealing may have inhibited crystallization, or significant crystalline growth
The film regions that did crystallize formed two distinct phases: a solid solution
Pb2[PbxIr2-x]O7-y pyrochlore, and Pb-doped rutile IrO2 (PbxIr1-xO2-y) (Figure S.2a). Variations in
the Pb composition of both phases are evident by the notable systematic peaks shifts to lower 2θ,
as highlighted by the Pb2[PbxIr2-x]O7-y (222) and PbxIr1-xO2-y (110) peaks, across the composition
gradient (Figure S.2b), clearly indicating lattice expansion. Between ∼5 and 15 at.% Pb, the Ir-
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rich film region, within the detection limit of the Rigaku instrument, shows single phase Pb-doped
PbxIr1-xO2-y prior to the onset of a solid-solution Pb2[PbxIr2-x]O7-y based on the emergence of the
Pb2[PbxIr2-x]O7-y (222) peak between 15-25 at.% Pb. Signature peaks corresponding to PbxIr1-xO2-y
disappear above ∼47 at.% Pb, leaving only a single-phase Pb2[PbxIr2-x]O7-y. Figure S.2c trends the
lattice parameters (calculated using Rietveld refinement) for PbxIr1-xO2-y and Pb2[PbxIr2-x]O7-y as a
function of Pb composition; although not presented in the figure, the c-lattice of PbxIr1-xO2-y (rutile
lattice is tetragonal) similarly expands with increasing Pb composition. Variations in composition
are well documented for Pb2[PbxM2-x]O7-y (M=Ir, Ru), most notably in the form of B-site substi-
tution of the Pb4+.[96, 15] Surprisingly, there have been no reports on rutile PbxIr1-xO2-y beyond a
computational study[224]. The presence of Pb4+ has been detected by hi-res XPS measurements of
Pb4f peaks (See Supplementary) for both phases. While this suggests that a mixture of Pb2+/Pb4+
may be incorporated into the IrO2 lattice, its possible that the secondary peaks may correspond to
excess Pb-oxide at the surface.
(a) (b)
Figure S.3: (a) Background (nitrogen-bubbled) and (b) oxygen-bubbled CVs of key regions across
the Pb-Ir oxide composition spread. Each spot was cycled at 50 mV/s in 0.1 M NaOH electrolyte
at room temperature.
Figure S.3a,b shows the cyclic voltammograms of 8-11 at.% PbxIr1-xO2-y, 21-30 at.% Pb
intermediate mixed phase Pb2[PbxIr2-x]O7-y/ PbxIr1-xO2-y (predominantly PbxIr1-xO2-y), and single-
phase (some regions may be mixed with amorphous phase) 47-60 at.% Pb2[PbxIr2-x]O7-y regions of
133
the Pb-Ir oxide spread in 0.1M NaOH solution. Although the film has no conductive underlayer, the
active regions containing Pb2[PbxIr2-x]O7-y and PbxIr1-xO2-y were electronically conductive enough
to electrochemically measure without any significant iR drop to distort the CV. However, the CVs
were not corrected for uncompensated resistance (UR) of the electrolyte, though the effects of
UR are the same between each spot, which still validates the screening method as a qualitative
comparative measurement. The background CVs (figure S.3a) of all representative regions were
largely featureless, similar to previous reported results for Pb2Ir2O7-y[111], while some were able to
resolve the redox transitions of Pb2+/Pb4+, Ir3+/Ir4+, or Ir4+/Ir5+ under alkaline conditions.[67, 115].
Additionally, the CVs show a clear increase in double-layer charging when moving from the center
towards the Ir-rich region. Within the amorphous Pb-rich region, the CVs are warped within the
set potential window (See Supplementary) due to the regions high resistivity. When oxygen is
introduced into the analyte, the CVs (Figure S.3b) show the onset of oxygen reduction during the
cathodic sweep. When corrected for the double-layer base-line, the activity between the center,
intermediate, and Ir-rich regions are to comparable one another.
(a) (b)
Figure S.4: (a) The mapping of EOnset and E1/2 of the ORR curves extracted from the measured CVs
that were locally measured across the composition spread with respect to the position on the film.
(b) Measured current (corrected for double layer) of the oxygenated CVs at -100 mV vs. Ag/AgCl.
The ORR activity was characterized by the defined onset potential, EOnset (potential at
-0.01 mA after correcting for the double layer), half-wave potential, E1/2 (potential halfway be-
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tween the onset and peak potential), and current (corrected for the double-layer) at -100 mV. These
activity metrics were plotted and compared across the composition spread (Figure S.4a,b), as well
as to sputtered Pt and IrO2 films. Between the center and Ir-rich spots, the ORR activity does not
appear to change until approaching 76 at.% Pb by which the activity dramatically decreases due
to a sharp increase in film resistivity from the amorphous PbOx. In comparison to the Pt film,
the active regions of Pb-Ir oxide show fairly close onsets with only about ∼25-50 mV negative
shifts. However, the lagging ORR kinetics at higher overpotentials is evident by the relatively high
E1/2 gap compared to Pt, which approximates to around 80-100 mV. Surprisingly, the activities
of the Ir-rich and center regions are comparable, suggesting that the activity of PbxIr1-xO2-y and
Pb2[PbxIr2-x]O7-y are similar, and more active than pure IrO2, regardless of composition.
Figure S.5a,b,c shows the ORR RDE polarization curves for the single-phase 47-60 at.%
Pb2[PbxIr2-x]O7-y, 21-30 at. % Pb intermediate mixed phase Pb2[PbxIr2-x]O7-y/ PbxIr1-xOy (pre-
dominantly PbxIr1-xOy) region, and 8-11 at. % PbxIr1-xOy. Although the onset potentials only
have a ∼40 mV negative shift away from the Pt film, the half-wave shows a significant negative
shift at more negative overpotentials (Figure S.5d). The CV screening results show comparatively
better ORR kinetics at more negative overpotentials relative to the RDE polarization curves, un-
derscoring some discrepancy between the activity results under stationary versus hydrodynamic
flow conditions, which may be amplified when the film has a rough surface morphology, and/or if
the surface is changing during testing. The mass-transport limited current for all Pb-Ir oxide re-
gions is higher than expected. The expected maximum is close to 6 mA cm-2 (calculated from the
Levich equation for a 0.196 cm2 geometric area). The high limiting current, most notable seen in
the 8-11 at.% Pb Ir-rich region, suggests that the surface coverage of the steady-state analyte flow
exceeds the geometric area, possibly due to a higher surface roughness and/or changing surface
morphology. The high surface roughness of certain films regions, as clearly indicated by SEM
images within the Ir-rich region, also appears to affect the catalytic results as further supported by
the comparatively stronger redox peaks compared to the sputtered Pt film (See Supplementary for
images and CVs) when cycling in 0.1 NaOH mixed with 10mM of ferricyanide. Ultimately, the
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(a) (b)
(c) (d)
Figure S.5: RDE polarization curves of the (a) single-phase 47-60 at.% Pb2[PbxIr2-x]O7-y, (b) 21-
30 at.% Pb intermediate mixed phase Pb2[PbxIr2-x]O7-y/ PbxIr1-xO2-y (predominantly PbxIr1-xO2-y)
region, and (c) 8-11 at.% PbxIr1-xO2-y. (d) Comparison of all film regions against Pt and IrO2 at
1600 rpm.
uncertainty in active surface area precludes a reasonable Koutecky-Levich fit, further evidenced by
the non-linearity of some of the K-L plots (See Supplementary).
Figure S.6 shows multiple Tafel plots taken from the 1600 rpm polarization curves in
the previous figures. The Tafel slopes for the Pt film were determined to be 61 and 121 mV/dec
at the lower and higher overpotential regimes, respectively.[217, 214] The Tafel slopes for 47-60
at.% Pb2[PbxIr2-x]O7-y was determined to be around 99 and 121 mV/dec. The measured slope at
low overpotentials was a notable larger compared to previous reports showing slopes of around
55 mV/dec.[111, 219] However, the measured spot has a fairly wide composition range, while
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Figure S.6: Tafel plots of single-phase 47-60 at.% Pb2[PbxIr2-x]O7-y, 21-30 at.% Pb interme-
diate mixed phase Pb2[PbxIr2-x]O7-y/PbxIr1-xO2-y (predominantly PbxIr1-xO2-y) region, 8-11 at.%
PbxIr1-xO2-y, Pt film, and IrO2 film.
the reported Pb-Ir pyrochlores were stoichiometrically fixed. Both the 21-30 and 8-11 at.% Pb
regions showed significantly larger Tafel slopes of 165 and 178 mV/dec, respectively, within the
lower overpotential regime, while 240 and 235 mV/dec, respectively, at higher overpotentials. In
the case of Pb2[PbxIr2-x]O7-y and similar pyrochlore systems such as lead-ruthenates, many have
modeled the ORR pathway via displacement of OH- ions by O2ads- at the O′ sites upon an initial
electron transfer step[186], which was inferred by the measured surface-charge density versus
pH[67, 186] and the effects of O vacancies[60], though the exact role of the Pb and Ru sites is
still not well understood. The higher Tafel slopes for PbxIr1-xO2-y indicate a different a pathway
for ORR, unsurprisingly due to the differences in the Ir-O framework compared to the pyrochlore
structure, as well as a decreasing role in the Pb-sites. Regardless, without any in-situ probing
techniques, elucidating the mechanistic nature for both phases based on the present RDE data
cannot be examined beyond speculation.
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6.5 Conclusion
In this study, Pb-Ir oxide composition spreads thin films were evaluated as ORR cata-
lysts by employing electrochemical screening combined with high-throughput XRD and composi-
tion mapping. Active phase regions consisted of solid-solution rutile PbxIr1-xO2-y and pyrochlore
Pb2[PbxIr2-x]O7-y. Through thin film RDE, the catalytic activities of the optimal and representative
composition were measured. Although the activities are not comparable to the current standards,
they represent a series of viable metal oxide catalysts, as well as highlight the utility of combina-
torial high-throughput approaches to rapidly navigate and screen new ORR catalysts.
Figure S.1: Illustration of off-axis co-sputtering and cross section of Pb-Ir oxide composition
spread.
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6.6 Supplementary
6.6.1 Co-Sputtering
Non-uniform (150-400 nm thick) binary lead-iridium oxide (Pb-Ir-O) composition spread
thin films were deposited onto 76.2 mm (3”) diameter silicon (100) wafers using an off-axis re-
active radio frequency (RF) co-sputtering system. Figure S.1 illustrates the off-axis co-sputtering
configuration for fabricating binary Pb-Ir oxide composition spreads. The film was co-sputtered
for 30 minutes in a 10/15 O2/Ar sccm gas mixture at 30 mTorr. Prior to co-sputtering, a 10-15
minute pre-sputter step was taken to clean the target surfaces as well as develop a steady sputter
rate.
(a) (b)
Figure S.2: (a) Schematic of the Maia detector and XRF setup. (b) De-convolution of XRF spectra
using dynamic analysis.[204, 220]
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6.6.2 Synchrotron-Sourced X-ray Fluorescence
High-resolution XRF measurements were performed at CHESS using their synchrotron-
sourced high-energy X-rays. We used a state-of-the-art high-resolution area Maia detector[204,
220](Figure S.2) to rapidly retrieve the XRF signal, generating high-resolution composition maps
of our films. A high-energy X-ray source (31.9 KeV) was incident perpendicular to the film, and
spatially scanned across the entire area in step increments of 200 µm. Composition analysis was
performed using the software, Geopixe, capable of dynamic analysis for real time fitting and de-
convolution of the fluorescent spectra (Figure S.2b).[203, 199, 202, 201, 200] Using a large array
of SS detectors mitigates the limitations of conventional single detectors, which suffer from signal
saturation due to photon pileup.
The Maia detector has an annular ”backscattering” geometry by which the beam passes
through an opening embedded within the surrounding detector array. With the sample upstream
from the detector, this configuration increases fluorescent yield, and imposes far less restrictions
on sample size and scale of scanning. When coupled to the Geopixe software, rapid collection
of data is immediately processed (real-time processing). As mentioned earlier, rapid spectral de-
convolution is done through dynamic analysis, while circumventing common artifacts attributed to
pile-up, elastic and Compton peaks, escape peaks, and peak tails from incomplete charge collec-
tion.
6.6.3 Cyclic Voltammetry
The ”Minicell” is a quasi-high-throughput test cell designed to locally measure the cat-
alytic activity of ORR and OER at the film/electrolyte interface, allowing the user to screen the
entire material library across the film. The apparatus is a custom-built three-electrode cell con-
nected to a potentiostat controlled by a custom LabView program by which the scan rate, voltage
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Figure S.3: Illustrative cross-section and picture of electrochemical minicell setup.
range, voltage gain are set and adjusted. Figure S.3 shows both an illustration of the cell cross-
section and a photo of the actual setup. The composition spread thin film rests on top of a flat
platform, the base of the minicell setup. Connected to the platform are two supports for a flat steel
plate with a built-in slit, which is connected to the top of the test cell by a rotatable flat head screw.
The cell can move laterally above the film and manually lower onto a chosen test spot. Manual XY
movement of the cell is facilitated by sliding the screw that is connected to the cell along the slit
embedded into the overhead plate, and moveable supports that slide along grooves along the sides
of the platform.
The test cell is a hollow Teflon cylinder that locally interfaces with the surface of the film,
which is designated as the working electrode. The test area has a diameter of 6 mm. During testing,
the analyte is sealed inside the cell by a rubber O-ring that fits around the bottom lip of the cylinder.
The interior wall of the cylinder is lined with a coiled gold (Au) auxiliary wire. The interior also
contains three thin plastic tubes located near the bottom of the cell (close to the film surface when
interfaced). The other ends of the tubes protrude from the top of the cell. Two of the three tubes
function as an inlet and outlet for injecting and removing electrolyte solution, respectively, while
the third tube functions as an electrolyte bridge between the film and the reference electrode.
Capillary forces along the tube help maintain a continuum of analyte solution between the cell
and the RE container. The reference electrode is a silver/silver chloride Ag/AgCl wire in saturated
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KCl (stable potential of 0.197 V vs. SHE). The reference is sealed within a glass tube, and is
held within a separate container filled with the same analyte as the cell. The choice of housing
the reference electrode in a separate container, as opposed to situating it near the film surface to
minimize uncompensated resistance, was done to avoid chloride (Cl-) contamination of the Au
counter electrode and the film surface.
Figure S.4: Minicell ORR CVs across the entire Pb-Ir oxide composition spread.
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6.6.4 Minicell CVs
Nine local CV measurements were taken across the Pb-Ir oxide spread using the method
detailed earlier. The CVs shown in Figure S.4 are for measuring ORR activity.
Figure S.5: Cyclic voltammetry of 8-11 at.% Pb spot compared to sputtered Pt. The films were
cycled in 10mM ferricyanide
CV measurements of the active spot within the Ir-rich region (8-11 at.% Pb), and a uni-
formly sputtered Pt film, were cycled between -0.1-0.5 V at a scan rate of 1mV/s in 0.1 M NaOH
solution with 1 mM of ferricyanide using the same test cell that was used for ORR screening. The
active areas were approximated from the redox peak currents using the Randles-Sevcik equation.
Rotating Disk Electrode Measurements
The modified thin film RDE setup shown in Figure S.6 shows an illustration of the cross
section of the 1 inch diameter hollow Teflon cylinder used to hold a 10 x 10 mm thin film (cleaved
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Figure S.6: Illustrative cross-section of RDE rod, including film, carbon felt, and steel backing.
Picture of RDE glass basket.
from the composition spread). A 5 mm diameter surface area of the sample film is exposed at the
bottom end of the cylinder, which slightly recesses from the outer periphery towards the planar film
surface. The lip of the opening has a 0.25” O-ring, forming a tight seal with the film. Before placing
the cleaved film inside the Teflon cylinder, the sides and back of the film are coated with silver paste
and heated slightly to remove the solvent. This ensures contact with the carbon backing. Once the
film is placed inside, the rest of the cylinder is filled with carbon felt (Alfa Aesar) and capped with
a custom-made, stainless-steel current collector, which is tightened using a vice, and held together
with hex screws.
The RDE cylinder was tested within a three-compartment cell (Figure S.6). The main
chamber is 2” wide with an inner glass basket to prevent cavitation (whirlpool). The three com-
partments are connected at the bottom with glass frits, and at the top with simple glass tubing (to
equalize the pressure in the three compartments). A graphite rod (Sigma Aldrich) was used as the
counter electrode and a home-made saturated silver/silver chloride electrode (Ag/AgCl) was used
as the reference. No platinum (or any noble metals) was used in the cell to ensure that there was no
contamination from trace Pt from previous experiments. After any tests involving Pt and Au films,
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the cell is typically soaked in aqua regia for several hours to remove any residual noble metals.
(a) (b)
(c) (d)
Figure S.7: adfadsfadsf
The thin film RDE setup used a sputtered Pt film as a control sample. Figure S.7a,c shows
the ORR polarization and Koutecky-Levich plots. It should be noted that the polarization curves
at low rotation speeds were too noisy to incorporate into the K-L fit. Regardless, the n values
across the mass-transport limited regime are around 3, suggesting a mixed reduction pathway. This
contrasts other studies that reported a full 4-electron reduction pathway, which was experimentally
confirmed from in-lab RDE data on a 20% Pt/C mixture (Figure S.7b,d). While the thin film RDE
results could accurate behavior intrinsic to polycrystalline Pt films, it’s also possible that the thin
film RDE setup requires a correction factor, which was not used on any of the Pb-Ir oxide results.
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This will ultimately require additional tests, particularly RRDE experiments to quantify the amount
of peroxide produced, if any. If peroxide production is too low to yield a mixed reduction pathway,
then this strongly suggests that the setup needs a small correction factor to yield more accurate
results.
(a) (b)
Figure S.8: hi-res XPS Pb4f peaks of the center (53 at.% Pb) and Ir-rich (8 at.% Pb)
6.6.5 XPS
Survey and hi-res XPS measurements were taken across the composition spread (Figure
S.8a,b). The spectra showed assymetric Pb4f peaks corresponding to mixed oxidation states of
Pb2+/Pb4+. There was some shifting of the XPS spectra due to charge buildup, but corrections
using the C1s peak (284 eV) as a reference. The presence of mixed oxidation states within the
Ir-rich region may suggest that multi-valent Pb can be incoporated into the IrO2 lattice, or the
additional set of peaks may correspond to native Pb-oxide. The higher BE sets of peaks may also
be PbCO3.
146
(a) (b)
Figure S.9: SEM images of the (a) center (53 at.% Pb) and (b) Ir-rich (8 at.% Pb) regions.
6.6.6 SEM
The SEM images (Figure S.9a,b) of the center (53 at.% Pb) and Ir-rich (8 at.% Pb) regions
prior to electrochemical testing highlights differences in the surface morphology, which may have
affect the polarization results.
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7.1 Background
7.1.1 Introduction
This research, as reported up to this point, has primarily been centered on oxide catalysts
for oxygen reduction/evolution catalysis. However, during the last 2.5 years, I was involved in a
number of secondary projects corresponding to novel metastable structure materials, most notably
solid oxides used in applications related to oxygen ion conductive membranes and piezoelectrics.
What began as an early attempt to lock in and expand the solubility of existing oxide structures be-
came a full-fledged collaborative effort to systematically evaluate novel metastable oxides that are
formed under a wide range of extreme annealing conditions using a modified laser spike annealing
method.
This research project was built on locking in known and unknown metastable structures
of solid oxide thin films using Dr. Robert Bells lateral gradient laser spike annealing (lgLSA)
technique.[13] lgLSA facilitates extremely rapid thermal heating/quenching conditions, imposing
kinetically driven crystallization pathways for metastable structure nucleation and growth. The
combination of lgLSA with a variety of characterization tools capable of high-throughput exper-
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imentation spawned an efficient and accurate methodology for generating comprehensive phase
maps of a given oxide system annealed under a wide range of conditions defined by tempera-
ture and heating/cooling rates. Most importantly, this high-throughput approach has proven to be
an effective approach to discovering new structures with potentially unique properties, ultimately
adding another dimension to the materials discovery initiative.
Our biggest deliverable for this project was a comprehensive study on metastable bismuth
oxide (Bi2O3). Within a narrow band of heating/quenching conditions, we were able to form delta-
phase bismuth oxide (δ-Bi2O3), a polymorphic structure with incredible application value for fuel
cell and sensor applications. Although our manuscript and supplementary presented later in this
chapter provides a fairly thorough background on our methods and results, this preceding section
will provide a brief summary on the motivation behind δ-Bi2O3 and Dr. Bell′s lgLSA method.
Figure S.1: Ionic conductivity versus temperature for various known solid oxide electrolytes.[83]
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7.1.2 Motivation: Solid Oxide Membranes
Solid oxides are ceramic materials characterized as inorganic compounds containing oxy-
gen. They represent a massive and indispensable class of materials as evident by their widespread
use in a number of applications, including semiconductors, building infrastructure, aviation,
medicine, superconductors, insulation, and clean energy. Among the wide range of properties
that solid oxides possess, there is a subclass of oxides that are oxygen-ion conductive. Conse-
quently, these ionically conductive solid oxide membranes (SOMs) are used as solid electrolytes
in solid oxide fuel cells (SOFCs) and oxygen sensors. As shown in Figure S.1, we compare the
ionic conductivities of several prominent SOM materials as a function of temperature, showing
that most commercial SOMs, such as yttrium-doped zirconia (YSZ), can only reach suitably high
oxygen-ion (O2-) conductivities at extremely high temperatures. Because SOFC performance in
terms of power output and efficiency is significantly governed by the oxygen-ion conductivity,
practical outputs can only be sustained at temperatures ranging from 700 to 1100 °C, severely
limiting their application to stationary power systems.
7.1.3 Delta-Phase Bismuth Oxide
In the subsequent manuscript, we characterize and map the polymorphic structure(s) of
bismuth oxide (Bi2O3) over a wide range of annealing conditions using lgLSA. Most notably, we
identify a set of unique annealing conditions that can crystallize and stabilize delta-phase bismuth
oxide (δ-Bi2O3), a high temperature (730-825 °C) polymorphic structure, at room temperature.
Arranged as a cubic fluorite with high oxygen-ion mobility coupled with a large fraction (25%
of the sublattice) of oxygen vacancies, δ-Bi2O3 exhibits one of the highest known oxygen-ionic
conductivities (∼1 Scm-1). [207, 218] Many studies have actively focused on δ-Bi2O3 as a poten-
tial oxygen ion transport membrane for solid oxide fuel cells (SOFCs), gas sensors, and oxygen
separators.[87, 85, 245] However, δ-Bi2O3 cannot be maintained at temperatures below 730 C,
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which transforms into a monoclinic α-Bi2O3 or a tetragonal beta-phase structure β-Bi2O3, depend-
ing on the cooling rate. Consequently, the ionic conductivity drops by as much as 3 orders of
magnitude upon phase transformation to either polymorph.[207, 218] Furthermore, the commer-
cial application of δ-Bi2O3 is limited due to poor chemical stability at high temperatures. This has
led to concerted efforts throughout the years to phase-stabilize δ-Bi2O3 to between ranging from
room to intermediate temperatures while still maintaining its extrapolated conductive properties.
Phase stabilizing δ-Bi2O3 to lower temperatures has traditionally been achieved through
lanthanide and rare earth doping, though the major tradeoff is a reduction in the ionic conductivity
(below the extrapolated value) as a result of oxygen sublattice ordering.[101, 255, 258, 19, 20, 109,
9, 10, 8, 105, 241] However, Switzer et al. was able to stabilize pure δ-Bi2O3 at room temperature
by electrodepositing in-plane and out-of-plane textured δ-Bi2O3 films epitaxially grown on single
crystal Au 111, 100, and 110 oriented substrates.[241, 118, 222] Since then, other researchers have
had some success growing pure, and highly textured δ-Bi2O3 through chemical vapor deposition,
sol gel synthesis, and magnetron sputtering.[222, 138, 54, 52, 248, 247, 267, 65] However, most
studies that report the delta-phase are mostly based on fairly serendipitous findings, as opposed
to a systematic effort in understanding the phase behavior of bismuth oxide. Despite the outpour
of studies on phase-stabilized pure δ-Bi2O3, there have been no reported results on their ionic
conductive properties. One major speculation is that the film quality in terms of film density,
defects (grain boundaries, pinholes, crystallinity, etc.) concentration may have been too poor to
yield any meaningful intrinsic measurements. Fortunately, this missing piece turned out to be one
of our major deliverables in this work.
7.1.4 Lateral Gradient Laser Spike Annealing
Recently, Bell et al. demonstrated a high-throughput thermal annealing method derived
from laser spike annealing (LSA). Known as lateral gradient laser spike annealing (lgLSA)[13],
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Figure S.2: (a) Schematic of the lgLSA setup scanning across an moveable XY stage. (b) Intesnity
profile of the focused beam. (c) Temporal temperature profile for a 150 µs anneal with a peak
temperature of 900 °. (d) Shematic contour temperature map of laser line.[13]
this method uses a high-powered laser source that is focused and scanned across the thin film
oxide sample, where heat is absorbed and dissipated locally by the temperature-calibrated silicon
substrate (Figure S.2). The source is a CO2 (λ=10.6 µm, 120 W) line-focused continuous wave
(CW) laser with a Gaussian temperature profile, which has a FWHM of 580 µm laterally and 90
µm along the scan direction.
(a) (b)
Figure S.3: (a) Optical image of lgLSA anneal line with Au contact pads. (b) Temperature-distance
profile laterally across the laser line
A single laser scan leaves a well-defined streak across the sample. Figure S.3a clearly
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shows the well-defined optical contrast laterally across the laser scan, which coincides with the
Gaussian temperature profile (Figure S.3b of the laser spot. Depending on the laser scan speed and
power setting, the laser profile is defined by the peak temperature and dwell time. The dwell time
is an indirect measure of annealing time, and is the ratio of the FWHM of the temperature profile
divided by the laser scan speed. Limited only by the laser intensity profile, sample adsorption
properties, substrate thermal conductivity, and laser scan velocity, the lgLSA system used in our
study can produce temperature gradients up to 5 °C/µm with peak temperatures as high as 1400 °C,
and heating/cooling rates ranging from 104-107K/s. These rates substantially exceed the typical
heating/cooling rates for more conventional annealing methods, vastly expanding the scope of
materials exploration, which now encompasses metastable oxides.
Localized annealing coupled with the Gaussian lgLSA profile is instrumental to the design
of our high-throughput approach to generating and evaluating the different phase structures. For a
single laser scan, defined by peak temperature and dwell time, the phase-temperature distribution is
resolved when multiple XRD measurements are taken across the width of the annealed film region
coinciding with the Gaussian temperature profile. This was achieved using high-energy XRD at
CHESS, which produced a focused spot size of 25 x 200 µm (See manuscript). The approach,
when expanded to several laser lines across a 4 ” diameter thin film, provides a fully systematic
process that generates a detailed phase map as a function of temperature and dwell time. Our most
complete demonstration of this approach is discussed in the subsequent manuscript.
7.2 Manuscript
7.2.1 Abstract
Devices using oxygen-ion conductors (OICs), including oxygen-ion batteries, solid oxide
fuel cells, and oxide-based oxygen sensors, are typically limited to temperatures above 300°C
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due to low conductivities. One OIC, the δ-phase of Bi2O3, has exceptionally high oxygen-ion
conductivities above 650°C. Its predicted outstanding room temperature conductivity has never
been realized due to phase transformations that occur during conventional temperature quenches.
Utilizing a high throughput laser annealing technique to map quench rates 5-8 orders of magnitude
faster than previously possible, here we have successfully quenched δ-Bi2O3 to room temperature
resulting in films with few structural defects, and device conductivities several orders of magnitude
higher than from previous best-in-class materials. The high-resolution/throughput phase mapping
and OIC material described here hold substantial fundamental as well as technological promise.
7.2.2 Introduction
The absence of materials with high oxygen ion conductivity at room temperature has lim-
ited the application of rechargeable oxide batteries, solid oxide fuel cells, oxygen pumping devices,
and oxide oxygen sensors to temperatures above ∼300°C[14, 257, 139, 208, 124, 117, 232, 47].
The δ-phase of Bi2O3 has high oxygen ion conductivity when stable above 729°C, but transforms
during conventional cooling into polymorphs with substantially lower ionic conductivities[11, 87].
Even best-in-class oxygen ion conductors[257, 208, 124, 18] extrapolated to room temperature
have conductivities orders of magnitude lower than expected for δ-Bi2O3[257, 208, 124, 18, 86,
118]. Here we quenched δ-Bi2O3 to room temperature using laser annealing with rates 5–8 orders
of magnitude faster than furnace quenching. A lateral gradient laser spike annealing (lgLSA)[13]
method coupled with synchrotron diffraction enabled high-throughput screening of anneals on
amorphous Bi2O3, with durations of 0.15–10 ms, temperatures up to 900°C, and cooling rates
of 104–106 °C s-1. δ-Bi2O3 formed in two annealing regimes: via solid state transformation ≤
5 ms and melt quench ≤ 1 ms. Pinhole free δ-Bi2O3 showed conductivities of ∼10-5 S cm-1 at
room temperature, several orders of magnitude higher than any previously reported room tem-
perature oxygen ion conductors. This work not only presents high throughput anneal mapping
that has the capability to revolutionize material screening in fields where rapid laser annealing
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is[270, 194, 175, 272, 249, 5] or can be applied, it also presents an exceptional room temperature
oxygen ion conductor that greatly expands the application space for oxygen ion based devices.
A range of approaches have been have attempted to preserve or duplicate the high oxygen
ion conductivity of δ-phase Bi2O3, stable only above 729°C, at low temperatures. Direct quench-
ing of the δ-phase from high temperatures has been attempted at quench rates up to 10°C min-1[87,
212], but always resulted in transformation below 600°C to either the low temperature stable α-
phase or metastable β or γ-phases, all with substantially lower conductivities[47, 11, 87, 212],
leading many to declare thermal quench of δ-Bi2O3 to room temperature impossible[34, 265]. Sta-
bilization of the δ-phase by alloying with heavy metals has been demonstrated[208, 47, 18], but
results in dramatically reduced low temperature oxygen-ion conductivities compared to pure δ-
Bi2O3. Direct low-temperature synthesis of δ-Bi2O3 has been reported using a variety of synthesis
techniques[208, 118, 241, 247], but none has included conductivity measurements of δ-Bi2O3 be-
low 350°C[118], likely due to poor film quality or phase purity in the resulting materials. We spec-
ulate that such issues have also prevented the application of room temperature δ-Bi2O3 in devices.
We report the nucleation and quenching of δ-Bi2O3 to room temperature using lateral gradient
laser spike annealing (lgLSA)[13], which accesses heating and quenching rates 5 to 8 orders of
magnitude faster than conventional techniques[47, 87, 13, 212] and microseconds to milliseconds
annealing durations. The unique capabilities of laser annealing have been applied for decades in
the semiconductor industry to activate dopants[270, 194] and contemporaneously to control phase
changes[175, 272] and nano-confined crystal growth[249, 5]. However, rapid screening of laser
annealing time and temperature conditions has recently been made feasible by the development of
the lgLSA technique[13] which combines spatial gradients of peak temperature across single laser
scans (Fig. 1a) with variable dwell time, enabling the creation of broad arrays of peak tempera-
ture and time annealing conditions. We combined lgLSA-prepared samples with spatially resolved
synchrotron X-ray diffraction measurements to enable the systematic high-throughput exploration
of phase behavior as a function of annealing temperatures between room temperature and 900°C
(above the Bi2O3 equilibrium melting point at 830°C) and dwell times between 0.15–10 ms (peak
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quench rates between 104 and 106 °C s-1, Fig. 1b,c), a regime well beyond that previously explored
for Bi2O3 by any other method. By starting with amorphous Bi2O3, which has the extremely high
free energy of a frozen liquid, the driving force for nucleation of an initial crystalline phase is much
larger than the driving force for subsequent crystal-crystal transformations, allowing the limited ki-
netics of a short anneal to capture even the first nucleated phases. Finally, exceeding the melting
point during anneals erases as-deposited film defects (Fig. 1d), creating pinhole-free films ideal
for device applications and providing a great deal of flexibility for post-processing of differently
deposited materials.
Figure S.4: Laser annealing of Bi2O3. a) Illustration of lgLSA scan over a sample and instanta-
neous temperature profile. b,c) Time, temperature, and heating rate profiles for a 0.15 ms (b) and
2 ms (c) dwell anneal with peak temperatures of 900°C and peak quench rates of ∼2x106 °C s-1
(b) and ∼7x104 °C s-1 (b). d) SEM of electric contacts patterned on top of 1 ms dwell annealed
Bi2O3 film showing the pinhole-free post-melt region in the center bounded by regions with peak
temperature below the melt on either side of the center (scalebar 100 µm). Insets are magnified
views of both post-melt and sub-melt regions (scalebars 10 µm).
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7.2.3 Mapping Phase Formation
Phase development across lgLSA temperature gradients was determined after annealing
using spatially resolved X-ray diffraction measurements (Fig. 2a). Spatial maps (Fig. 2b) of
diffraction patterns for dwells of 0.25, 2, and 10 ms show the transition from amorphous at low
peak temperatures (edges) to crystalline at higher temperatures (centers). Splitting of peaks at
2, 2.3, and 3.8 -1 shows formation of multiple phases as a function of the peak temperature and
dwell. In the case of 2 ms and 10 ms anneals, damage is observed at the highest peak temperatures
(Characteristic diffraction patterns for α, β, and δ (shown for two regions, δS) and δL) are given in
Figure 2c. The signal from each phase was determined spatially across the laser scans (Fig. 2d),
and subsequently converted from spatial to temperature dependence (Fig. 2e).
By identifying the dominant phase for each peak temperature and seven dwells between
0.15 and 10 ms, a temperature-dwell-transformation (TDT) diagram was constructed (Fig. 3a).
Processing regimes resulting in the same dominant phase are identified. The film remains amor-
phous for temperatures below 350–400°C for all dwells investigated. At temperatures above the
amorphous transition, the fractional intensity of each phase was mapped (Fig. 3b-d). Two δ-phase
forming regimes are identified, one in a solid-state transformation (δ textsubscriptS) in a shrink-
ing temperature window ranging from just above the amorphous transition to 750°C at 150 µs
and 500°C at ≤ 5 ms, and the other by melt mediated transformation (δL) for temperatures above
∼750°C and dwells below 2 ms. A β-rich region is found between high and low temperature δ-
phase regions and extends to 10 ms, and an -rich region appears at the longest dwells and highest
temperatures.
We believe the low temperature δS regime is the result of a direct amorphous to δ trans-
formation due to a remnant phase fraction of amorphous Bi2O3 (evident in the broad amorphous
peak near 2 Å-1 for δS shown in Fig. 2c), and that the high temperature δL-region has a lower
temperature bound depressed from the 830°C equilibrium melting point to closer to 750°C due to
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Figure S.5: Mapping spatial and temperature dependent phase formation for different annealing
dwell times. a) Schematic showing X-ray micro-beam mapping of laser annealed sample. The
incident X-ray beam (dashed, 25 µm wide after slits) is parallel to the laser annealed regions.
Diffraction patterns are taken as the sample is stepped perpendicular to the micro-beam, measuring
the structure of the sample across different peak temperature and dwell annealing conditions. b)
Heat maps of diffraction intensity, I(q), as a function of spatial location across lgLSA scans of
Bi2O3 after anneals with dwells of 0.25, 2.00, and 10.0 ms and peak temperatures in the scan
centers of 900°C. c) Diffraction patterns for resultant δ (cubic) nucleated by liquid→solid, δL, and
solid→solid, δS, transformations, β (tetragonal), and α (monoclinic) phases with arrows marking
their origin in part (b). d) Relative diffraction intensities for δ (red), β (blue), and α (teal) phases
across each lgLSA scan in (b). A typical least-squares fitting error bar is shown in black in the 0.25
ms figure. Solid lines are symmetric fits. e) Intensities from (d) converted from location to peak
temperature using lgLSA calibrations.
a glass to liquid transition of the amorphous precursor. For the δL-region, a combination of faster
liquid kinetics and nucleation-limited growth, where grain growth is much faster than nucleation,
explain the absence of a remnant amorphous peak, high phase purity, and large domains (>100 nm
indicated by Scherrer analysis).
The data maps from this high-throughput study suggest that initial nucleation and growth
of the δ-phase occurs under all transformations measured herein, with subsequent solid-phase
transformations from δ to β and α phases in specific time/temperature regimes. The presence of an
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Figure S.6: Annealing temperature and dwell time maps of Bi2O3 phases. a) Temperature-dwell-
transformation (TDT) diagram displaying the predominant room temperature phase as a function
of dwell time and peak temperature: δ red, β blue, α yellow, mixed α/β green, mixed δ/β purple,
amorphous dark grey, and damage light grey. Each square is a measured condition and colored re-
gions indicate the extrapolated processing regimes expected to result in each phase. b-d) Weighted
phase fractions of room temperature stable α-phase (b), β-phase (c), and δ-phase (d).
amorphous signal in short dwell δS strongly suggests that δ-phase nucleates first in solid state trans-
formations. The β rich region between δS and δL largely overlaps the temperature region where δ
is the equilibrium phase and δ nucleation is expected to be increasingly preferred. While direct β
-phase nucleation is impossible to rule out with ex-situ measurements, this β-rich region is likely
the product of an amorphous→δ→β transformation pathway, as the rapid transformation of δ→β
at 650°C has been widely reported in furnace quenches[87] and the δ-phase fraction appears to
exchange directly with the β -phase at higher temperatures and dwell times (Fig. 3c,d). In fact, the
continued presence of δ to longer dwells at lower temperatures suggest that the δ→β nucleation rate
maximum is at some temperature between 550°C and 650°C. The presence of a local maximum in
β -composition at the shortest dwells and highest temperatures is not fully explained by this model
and suggests another factor may influence nucleation under the most extreme conditions. The lack
of the very distinct α signal until long times and high temperatures suggests that, despite being
the stable phase at temperatures below 730°C, α does not directly nucleate from the amorphous
159
and is instead produced by an amorphous→δ→β→α transformation pathway. This mirrors the
transformation pathway during furnace quenching from high temperature stable δ-phase of δ→β
→α[47, 87]. The disappearance of both δ regimes by 10 ms dwells, with greater than 104 °C s-1
quench rates, explains why the quench of the δ-phase has not been previously reported by studies
using much lower quench rates.
The δ-phase is preserved in melt processed films for dwells up to 1 ms, despite nucleation
of β at sub-melt temperatures for dwells as short as 0.15 ms. These results suggest that melt pro-
cessing substantially lowers the concentration of defects in the Bi2O3 film, reducing the number
of heterogeneous nucleation sites and subsequently depresses δ→β nucleation rates compared to
exclusively solid state processing. This also suggests that the melt produced δ-films may have in-
creased low-temperature stability compared to δ-films with higher defect concentrations produced
by other methods.
7.2.4 Ionic Conductivity Measurements
Annealing conditions of 850°C with 0.25 ms dwell were chosen to create phase-pure,
large domain, pinhole free δ-Bi2O3 devices (Fig. 4a) that enable measurement of the room tem-
perature conductivity. Impedance spectroscopy was used to determine the frequency dependence
of the real and imaginary impedance of δ-Bi2O3 devices (Fig. 4b-d). The conductivity of the δ-
Bi2O3 layer was determined by fitting a circuit model (red lines in Fig. 4 b-d), yielding a room
temperature conductivity of 10-5.05 ± 0.03 S cm-1. This is over 6 orders of magnitude greater than
the conductivity of the room temperature stable α-phase (10-11.9 S cm-1)[212]. The DC resistance
of the device was greater than the instrumental limit of 1 MΩ, and is likely much higher, strongly
suggesting the conduction of the device was mediated by δ-Bi2O3 rather than pinholes.
This ∼10-5 S cm-1 conductivity measured for δ-Bi2O3 is orders of magnitude higher than
extrapolations to room temperature of any reported solid oxide oxygen-ion conducting material
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Figure S.7: Electrical measurements of δ-phase Bi2O3. a) Schematic of δ-Bi2O3 devices tested
via impedance spectroscopy. b,c) Real (b) and imaginary (c) components of impedance as a func-
tion of frequency. d) Real vs. imaginary impedance showing a semicircle shape typical of ionic
conductors. Squares are raw data and red lines are derived from modeling the circuit in a).
reported to date, including YSZ (10-13 S cm-1)[118], Na0.5Bi0.5TiO3 (10-10S cm-1)[124], Pb and
Y stabilized δ-Bi2O3 (10-8 S cm-1)[18], and Er stabilized δ-Bi2O3 (10-8) S cm-1)[208] 4. Extrap-
olations of pure δ-phase Bi2O3 from high temperatures suggest a room temperature conductivity
near 10-3.6S cm-1 12,13, significantly higher than our experimental value. This discrepancy may be
due to ordering of the oxygen sublattice, an effect observed to decrease conductivity by ∼2 orders
of magnitude at temperatures below 600-800°C for dopant stabilized δ-Bi2O3[208, 19]4,26. Re-
ports of δ-Bi2O3 at 350°C show no deviations from high temperature extrapolations13, suggesting
that the ordering temperature of pure δ-Bi2O3 occurs below 350°C. Measurements of Pb and Y
stabilized δ-Bi2O3 continue to show oxygen ion conduction rather than electron conduction after
oxygen ordering11; we expect the same to be true for pure δ-Bi2O3. Our results represent the
highest reported room temperature oxygen ion conductivity, by several orders of magnitude, and
would enable a substantial expansion of the operable temperature range of many oxygen-ion based
devices.
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7.2.5 Methods
Deposition
Sample films of Bi2O3 were sputtered from a metallic Bi target (>99.99 %) using an active
plasma of argon and oxygen onto silicon wafers (p type, 0.01 Ω-cm, WRS Materials) with a thermal
SiO2 buffer layer. The substrate was unheated during sputtering, and the Bi2O3 was amorphous as
deposited (Extended Data Fig. 1). The thermal SiO2 buffer layer between the silicon wafer and
Bi2O3 was used to prevent melt alloying with the silicon wafer in the center of the laser scans where
temperatures exceed the 830°C Bi2O3 melting temperature. Melt alloying of Bi2O3 and SiO2 is
known to precipitate a stable body centered cubic bismuth silicate phase with a melting point near
900°C at low silicon concentrations[87, 121]; this phase was not observed for melt anneals in
this study. On these time scales, the SiO2 buffer layer appears to successfully prevent alloying
of the Bi2O3 films even during melt. Samples used for structural analysis had a 100 nm thermal
SiO2 buffer, while samples used for electrical conductivity measurements had a thinner, 5 nm SiO2
buffer layer. Production of phase pure δ-Bi2O3 in the devices used for electrical measurements was
verified by XRD (Extended Data Fig. 2). After laser annealing and X-ray analysis, and prior to
device patterning, an additional 5 nm of SiO2 was deposited using electron beam evaporation from
an SiO2 target as a capping layer on top of the Bi2O3 film; this protected films from solvents during
photolithography, enabling the patterning of electrical contacts. Thermal evaporation was used to
deposit adhesion layers (1 nm Cr) and gold top and bottom contacts (30 nm).
Laser Annealing
Laser annealing was performed by scanning a continuous 10.6 µm wavelength line-
focused CO2 laser (as described previously[13]) across the sample, as shown in Figure 1a. Dwell
time is defined as the full width at half maximum (FWHM) of the laser intensity profile in the scan-
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ning direction divided by the scanning speed. Anneals were performed in air. Temperature evolu-
tion as a function of time across the entire scan width was measured as described previously[13].
The peak temperature experienced across the laser scan width is approximately Gaussian with a
maximum slope of 2°C m-1 and FWHM of 680 m. The Bi2O3 thickness dependent perturbation
to surface temperature was calibrated by Bi2O3 and Au dot melts[13]. Laser scans create a line of
annealed material where annealing conditions are invariant along the scan length but vary across
the scan width. This allows the use of high aspect ratio rectangular areas for both X-ray diffraction
and ion conduction measurements, with large areas of comparable annealing conditions despite the
steep temperature gradient across the scan width. A characteristic annealing time, referred to as
the dwell, is defined as the FWHM of the line-focused laser in the scanning direction divided by
the scanning speed. On the same sample, multiple separated scans were made with dwells of 0.15
– 10 ms and peak temperatures in the scan centers ∼900°C and center-center separations of 3 mm.
This allowed high throughput measurements of annealing times and temperature conditions on a
single sample using spatially resolved measurements.
Phase Identification
X-ray diffraction measurements were conducted at station G1 of the Cornell High En-
ergy Synchrotron Source (CHESS). The X-ray beam was reduced to a 25x200 µm rectangle using
a standard three-slit setup. The sample was mounted in a near-grazing-incidence configuration
(ω=3°) and aligned such that the temperature gradient across the laser scans was orthogonal to the
incident beam, allowing diffraction measurements to be spatially indexed to precise temperature
(averaging over a 0-50°C temperature range) and dwell annealing conditions. Diffracted X-rays
were collected on a Pilatus 3-300K pixel array detector (Dectris, Inc.). The incident beam energy
was 9.81 keV and a typical sample-detector distance was 20 cm; the precise sample-detector dis-
tance was calibrated using copper tape adhered to each end of each sample measured to ensure
precision. Radial integration was performed using the Nika package for Igor Pro[99]. The fraction
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of polymorphs present in each diffraction pattern was determined by multi-peak fitting and scaled
relative to phase-pure patterns. For Figure 3a, if a single phase has more than 25 % higher signal
than all other phases it is defined as dominant, if two phases have intensities within 25 % then it
is mixed phase. Fits in Figure 2d were developed using even polynomials which forced symmetry
of the fit for equivalent annealing conditions on either side of the laser scan, and were transformed
into temperature for Figure 2e using lgLSA calibrations. 3D surfaces used to create contour plots
in Figure 3b,c,d were developed using fitting shown in Figure 2e. The reported limit on coherent
scattering domain size was determined by the Debye-Scherrer equation assuming zero instrumen-
tal broadening and, as such, represents a lower limit on domain size. Prolonged anneals above the
equilibrium melt resulted in damage in the form of an amorphous structure with a shifted amor-
phous peak compared to the as-deposited amorphous film, likely due to the well reported instability
of Bi2O3 in low oxygen partial pressure environments at high temperatures[208].
Scanning Electron Microscopy
The morphology of the annealed areas was examined using a Tescan Mira3 scanning
electron microscope (SEM) using an in-lens detector and an accelerating voltage of 15 kV. Figure
1d gives an SEM image of a 1 ms dwell 900°C peak temperature laser scan.
Electrical Measurements and Devices
Devices had a Bi2O3 contact area of 0.328 mm2 were constructed on areas of 160 nm
thick δ-Bi2O3 generated by anneal to a peak temperature of 850°C with a 0.25 ms dwell (Fig. 4a).
Conductivity was measured using impedance spectroscopy using a 4284A LCR meter (Hewlett-
Packard Inc) at frequencies from 25 kHz to 1 MHz at room temperature. The impedance of the
Bi2O3 layer was extracted by fitting the measured curves using a model consisting of parallel
resistor and constant phase element (Bi2O3 film) in series with a parallel resistance and capacitance
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circuit (SiO2 buffer layers) and series resistor (substrate). Conductivity measurement error was
calculated from errors of fit and device dimensions. DC measurements were conducted using
handheld multimeters and confirmed by 10 Hz measurements with the 4284A LCR meter.
7.2.6 Data Availability
The datasets generated and analyzed in this study are available from the corresponding
authors on reasonable request.
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CHAPTER 8
FUTURE OUTLOOK AND CHALLENGES
8.1 Introduction
For all PhD students and researchers in general, especially in the early stages of a project,
obtianing the relevant data that is subsequently published often constitutes a fairly small fraction
of data that is actually acquired. As expected, research is met with a litany of challenges that
require extensive trial-and-error testing, technical troubleshooting, and desciphering confounding
and sometimes contradictory results. However, combinatorial high-throughput research by design
facilitates open-ended materials research, affording greater flexibility for a ”shot-in-the-dark” ap-
proach to materials selection and discovery, which can lead to some interesting, even remarkable
discoveries amongst a sea of nothing. Sometimes, many promising projects fall short due to time
and funding constraints, or perhaps the payoff is not worth the time and effort it will take to com-
plete. Regardless, it is worth mentioning some of these projects, as well as summarizing some of
the pervasive challenges that have plagued this research.
(a) (b)
Figure S.1: Minicell ORR screening results of (a) EOnset adn E1/2 and (b) Kinetic current at -100
mV vs. Ag/AgCl.
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8.2 Other Work
8.2.1 Mn-M (M= Co, Ni, Fe) Oxide
The latest project of interest, and one that I believe is a potential publication, is a combi-
natorial high-throughput study on Mn-M (M=Co, Ni, Fe) bimetallic oxide thin film catalysts. This
project is another major collaboration with the Abrun˜a group, and centric to the concerted interests
in transition metal, Mn-based oxide catalysts, particularly Mn-Co spinels.[237, 126, 122, 27] Pre-
vious studies by Liang and Li et al. demonstrated stoichiometric MnCo2O4, and tunable cubic and
tetragonal Co3-xMnxO4 (1 ≤ x ≤ 2) spinel oxides as highly active bifunctional catalysts under alka-
line conditions.[126, 122] Both Mn and Co are inexpensive materials in comparison to all precious
metals, making them ideal commercial catalysts for alkaline fuel cells and electrolyzers.
Preliminary results on the ORR activity of co-sputtered Mn-Co oxide composition spread,
shown in Figure S.1a,b, were obtained using the minicell. The most active regions are near the cen-
ter of the film, though the composition was not measured prior to finishing this thesis. According to
Cheng et al., the optimal composition is ostensibly near the 2:1 Mn:Co molar ratio.[27] While the
active regions appear to be slightly off-centered towards the Co-rich region, XPS measurements of
subsequent Mn-Co samples showed a severe Co deficiency due to changes in the Mn sputter rate.
Because Mn-Co oxide are poorly conductive, the composition spread cannot be properly
screened without a conductive underlayer. In the first iterative stage, a thin film of RuO2 was
sputtered onto a heated substrate (∼530 °C) prior to co-sputtering Mn-Co oxide. Unfortunately,
the RuO2 underlayer does introduce the risk of surface contamination as a consequence of high-
temperature inter-diffusion and/or incomplete Mn-Co oxide film coverage. If there was evidence
of contamination, this would preclude rendering the activity results as incontrovertibly tied to the
intrinsic catalytic activity of the Mn-Co oxide. Although preliminary XPS analysis showed no
Ru footprint, even traces amounts of Ru at the surface would unequivocally affect the catalytic
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results for OER. Consequently, this work has prompted a different approach involving a series of
glassy carbon (GC) rods (5 mm diameter) placed along the projected composition gradient. In the
same manner as depositing onto a silicon wafer, Mn-Co oxide is co-sputtered onto the series of
GC rods. Each coated GC will then be electrochemically measured using RDE. Glassy carbon has
the advantage of being fairly catalytically inactive, and chemically inert with the coated Mn-Co
film. Currently, this work is still undergoing the calibration stages. Moreover, other Mn-M oxide
systems (Mn-Fe oxide, Mn-Ni oxide) are also being explored.
(a) (b)
Figure S.2: (a) adskfjdakadskfladsjf. (b) alkdsfjdafjakllasjdlk;kldfl
8.2.2 Ternary Spreads
Ternary (technically quaternary oxides) composition spreads were explored on a prelim-
inary basis, but the results were too fragmented to justify a publication. These systems included
Pb-Ir-Ru and Mn-M-Ru (M = Ni, Fe, Co) oxide systems. In particular, the Mn-M-Ru oxides were
the most promising as viable bifunctional oxygen catalysts, showing slightly better activity than
the most active composition range of the binary Mn-Ru oxide system (FigureS.2a,b), suggesting
that the incorporation of Fe and Co does slightly enhances the ORR and OER activity. Moreover,
the active regions are still ostensibly within the MnxMyRu1-x-yO2-z (M=Fe, Co) single phase region,
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which have not been previously reported by anyone.
Figure S.3: (a) adskfjdakadskfladsjf. (b) alkdsfjdafjakllasjdlk;kldfl
For the Pb-Ir-Ru oxide, we were able to fully map the composition distribution using
XRF at CHESS, as well as map the ORR activity, which shows the projected onset potentials
(Figure S.3) across the entire film. The incorporation of Ru does enhance activity as indicated by
the regions showing higher onsets than the most active regions of the Pb-Ir oxide binary spread.
However, the project lost traction due to the fact that the catalytic enhancements from Ru were too
marginal to yield activities comparable to precious metal catalysts.
8.2.3 Other Binary Pyrochlores
Other pyrochlore oxide systems of interest included binary Pb-Ru-O, Bi-Ru-O, and Bi-
Ir-O. Unfortunately, none were active enough to warrant further study. The most ideal pyrochlore
system based on several previous studies was the Pb-Ru pyrochlore, which has consistently demon-
strated the highest ORR catalytic activity amongst all other prominent pyrochlore catalysts of
interest.[185, 48, 191, 186] However, there were confounding difficulties when attempting to co-
sputter Ru and Pb, which repeatedly resulted in a severe Ru deficiency. It was found that Ru
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inexplicably re-sputters to a high degree when co-sputtering with Pb. Despite efforts adjusting the
sputter conditions and even attempting PLD, I was never able to make a working sample.
8.2.4 Metastable Oxides
Our work on metastable oxides (Chapter 7) has culminated into an impactful research
project despite being fairly secondary to my primary research focus (i.e. oxygen catalysts). As
reported in Chapter 7, we were able to fully demonstrate a high-throughput methodology for form-
ing and mapping metastable bismuth oxide (Bi2O3) over extremely rapid annealing conditions
using Robert Bell’s lateral gradient laser spike annealing (lgLSA) method.[13] While interests in
Bi2O3 were driven by the application value of the delta-phase cubic polymorph (δ-Bi2O3) due
the structure’s incredibly high ionic conductivity, the broad utility of lgLSA studies expanded
the scope to a broader systematic study on unknown or predicted metastable structures. Addi-
tional solid oxide systems were studied using this high-throughput lgLSA method, which included
metastable BaTiO3, MnFeTiO3 (varying composition), LiMnO2, Na6PbO5, Li4WO5, Li2MnWO6,
and MnTiO3. These oxide materials were selected from a computational study performed by
Jong et al., who computed the piezoelectric tensors of almost a thousand distinct inorganic com-
pounds with various crystallographic symmetries, many of which were metastable and only com-
putationally predicted, using a density functional perturbation theory model as a first-principle
calculation.[44]
Each oxide system was synthesized using a simple ball-mill mixing method (this wasn’t
done for all mixtures) and subsequently pressed into 1” diameter disks. Each target was placed in a
tube furnace, undergoing solid-state sintering between 1000-1100 °C for 24 hours. Because there
was a significant time constraint when synthesizing each of these targets prior to our CHESS run,
there was not much time devoted to researching specific synthesis routes for each mixed oxides
system, and consequently each oxide powder mixture underwent the same mixing and sintering
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procedure. This was concerning because the chosen synthesis route may not be well-tailored to
every oxide sample due to varying factors associated with powder morphology regarding particle
size, wettability, thermal expansion, vapor pressure, etc. This was notably concerning for LiMnO2,
Li4WO5, and Li2MnWO6, which contain light-weight Li alkali metal, rendering these mixtures sus-
ceptible to Li-loss during sintering. It’s not known how much Li is lost during the high temperature
sintering step, but I did compensate by adding an additional 5 wt% to the mixture. Overall, the tar-
get compositions or compositional uniformities are not truly known. Thus, the quality of each film
is predicated on the assumption that the oxide powders were well-mixed and sintered uniformly.
Each target was deposited onto 4” lgLSA calibrated silicon wafers using pulsed laser de-
position (PLD). Each film then underwent a series of lgLSA scans, each corresponding to specific
annealing condition based on peak temperature and anneal time. A series of XRD measurements
were then taken laterally across the width of each laser scan using the fixed angle area XRD method
at CHESS (See Chapter 4 and 7 for details on the XRD setup). We came across several interest-
ing XRD patterns, some of which didn’t match any reported polymorphic structures. However,
the difficulty of de-convoluting the measured diffraction peaks were compounded by systems with
predicted low symmetry metastable structures, or systems comprised of multiple phases. This has
prompted close collaborations with crystallographers and computer scientists to streamline XRD
data processing based on computationally predicted structures.
MnTiO3
Among the previously listed piezoelectric materials that were measured, prelminary re-
sults for MnTiO3 were the most interesting. Over time, Dr. Robert Bell gained greater ownership of
this project.[12] Thus, his thesis provides a much more detailed summary on metastable MnTiO3.
To quickly summarize, MnTiO3 has three reported phases (See Table 8.1). MnTiO3-I is the stable
atmospheric phase while the MnTiO3-II is a stable high pressure (∼6 GPa) phase.[114, 197] Both
are trigonal structures differentiated only by the stacking orders of Mn and Ti along the c-axis.
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Name Symmetry Point
Group
Mineral Terms Space
Group
Space
Group
Name
MnTiO3-I Trigonal -3 Ilmenite
FeTiO3 Type
148 R-3
MnTiO3-II Trigonal 3m LiNbO3 Type 161 R3c
MnTiO3-III Orthorhombicmmm Perovskite
GdFeO3
62 Pbnm
Table 8.1: Polymorphs of MnTiO3.
MnTiO3-III is a metastable orthorhombic phase.
In the same manner in which we measured metastable bismuth oxide (Chapter 7), we
obtained multiple XRD images across the lateral lgLSA profile of several laser scans. The XRD
images were then integrated and stacked to generate a diffraction map versus Q-space (Figure
S.4a). Each subfigure corresponds to the full XRD map across the width of the laser scane at
a specific dwell time, all of which have peak temperatures of 1000 °C. These peaks were then
de-convoluted in order to generate the phase map as a function of temperature and dwell time
(Figure S.4b). At 5ms, there is a primary peak that matches the peaks corresponding to the trigonal
MnTiO3-I and II, which are only differentiated by their relative peak intensities. For dwell times
below 5 ms, the pattern shows a primary peak near 2.3 Å-1 and a secondary peak near 2.6 Å-1, none
of which are matched with any known phase of MnTiO3. Moreover, we were able to confirm that
the 2.4 Å-1 peaks were not missing due to texturing as evidenced by the uniform diffraction ring
intensities. Currently, we were not able to determine the base structure of this ostensibly MnTiO3
phase, which we labeled as MnTiO3-IV. Below 1000 °C at every measured dwell time, the film
appeared to remain amorphous. At higher temperatures of around 1250 °C with longer dwell times,
the films formed a mixture of MnTiO3-I and II, which we distinguished by the measured peak
intensity ratios, though distinguishing the two is muddied when there is a mixture of both phases.
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(a) (b)
Figure S.4: (a) Diffraction measures across multiple laser scans with peak temperatures of 1000
°C as a function of distance from each scans center, reciprocal vector, and logarithmic intensity
(color). The dwell time for each laser scan is listed on the right. At the bottom are diffraction pat-
terns from the ICSD database for MnTiO3-I (black)[114], MnTiO3-II (red)[114], and MnTiO3-III
(blue)[197]. All three previously reported phases have a large peak at ∼2.4 Å-1 which does not
appear in our results until 5 ms, even for patterns that show an additional peak near 2.6 Å-1. The
peak near 1.8Å-1 is convoluted with a silicon peak known to appear at long dwells and high tem-
peratures. (b) Temperature dwell transformation (TDT) diagram of predominant phase at different
conditions. Each square is a discrete annealing condition measured. Filled backgrounds are used
to denote regions with the same phases.[12]
This is currently an ongoing study, leaving open the prospect of a newly discovered MnTiO3-IV
phase.
8.3 Research Challenges
Although our high-throughput approach to research facilitates a substantial output of sam-
ple films, my actual sample output was fairly compared to previous graduate students; this was
174
(a) (b)
Figure S.5: (a) Pb-doped IrO2 (Ir-rich) region. (b) Pyrochlore region.
mostly attributed to the confounding complexities and challenges associated with oxide thin films.
Even from the reported work on Mn-Ru oxide, Bi2O3, and Pb-Ir oxide, there were additional tests
that could have been taken to potentially provide more insight on some of the underlying results.
Overall, I sought to practice a good balance of high-throughput experimentation and more metic-
ulous testing. For instance, I confirmed that the roughness of certain oxide catalyst thin films did
indeed affect the electrochemical results, which is clearly demonstrated by the RDE curves for
Pb-Ir oxide (Chapter 6). We saw that that mass-transport limited current was unrealistically high
when normalized to the assumed geometric area (5 mm diameter). Both cyclic voltammetry using
ferrocyanide using the minicell and SEM imaging, which was performed by Ryo Wakabayashi, did
confirm a generally rough surface (Figure S.5). Because of this additional challenge, it would have
been beneficial to measure the local surface roughness of the film across the composition gradient
using common probing techniques such as SEM or AFM, thereby obtaining a more accurate active
surface area to normalize the activity results.
Another major challenge for many films was the need to introduce a conductive under-
layer. Most of the oxide catalyst films were not conductive enough to measure electrochemically
with the exception of materials containing IrO2 and RuO2, which are among the few existing con-
ductive oxides. For a stacked film that must undergo a 500-750 °C anneal, there is the high risk of
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complications associated with thermally activated inter-diffusion and oxidation of the conductive
underlayer. For instance, one cannot simply use a common transition metal underlayer such as Ti
or Cu; not only can they diffuse to the film surface, thus contaminating the film, they will invariably
oxidize upon annealing in a standard air furnace, destroying their conductive properties. The only
metals that are resistant to oxidation at high temperatures are noble metals, including Pt, Pd, Au,
Ag, Ru, and Ir, all of which happen to be active catalysts for ORR and OER.
In previous runs, I tried making Ti nitride films, which function as strong diffusion
barriers.[166, 196] Predictably, the TiN films quickly oxidized during the annealing step, destroy-
ing their conductivity. Another route that I regrettable abandoned was using fluorine doped ti-
tanium oxide (FTO) coated glass substrates of indium tin oxide (ITO). Both possess conductive
properties suitable for electrochemical testing. This was confirmed when testing a binary Pb-Ir ox-
ide composition spread that was deposited onto FTO. However, most commercial FTO substrates
had a high surface roughness, which was clearly observed in the preliminary minicell screening
measurements. While the surface roughness would have been a major challenge, which would
have likely prompted AFM or SEM testing, it may still have been a feasible route, though it would
compromise the notion of high-throughput testing. Lastly, as already summarized, the use of glassy
carbon would have fully addressed the issue, though much of the electrectrochemical testing would
have been delegated to someone in the Abrun˜a lab. Overall, a chemically inert conductive support
would have substantially circumvented the challenge of maintaining intact non-contaminated oxide
films upon annealing to high temperatures.
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APPENDIX A
APPENDIX I: ELECTROCHEMISTRY
A.1 Introduction
In the established paradigm of cutting-edge research that cultivates new and existing tech-
nologies, building a robust intellectual foundation on the fundamental principles of nature is the
nexus between critically approaching existing scientific challenges, and creatively navigating be-
yond our current technological zenith. Electrocatalysts for oxygen reduction/oxidation are pivotal
to this research; hence, developing a strong grasp of basic electrochemistry is a necessity. This
appendix is an abridged discussion on some of the key principles (thermodynamics, kinetics, and
mass transport) of electrochemistry. It is in the best interest of the reader to explore these concepts
in greater depth from established literature.[7, 284]
A.2 Definition of Electrochemistry and the Electrochemical Cell
Electrochemistry is a fundamental study of chemical processes that facilitate the transfer
of electrons from one reactant to another. This electron exchange is defined by a coupled oxida-
tion/reduction (redox) process. During redox, oxidation reactants lose electrons, and positively
ionize to higher oxidation states, while reduction reactants receive electrons, lowering their oxida-
tion states in the process. Redox reactions are ubiquitous in nature; one common example is the
oxidation of iron when exposed to moist environments over a certain period, forming a brittle iron-
oxide layer (i.e. rust) upon reacting with oxygen. However, the practical value of electrochemistry
is the inextricable link between a chemical reaction and electricity, which is the operating basis for
several indispensible technologies, including fuel cells, batteries, super capacitors, water-splitting
electrolyzers, and catalytic converters. These technologies are instrumental to several established
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and emerging applications related to materials processing, filtration, energy conversion, energy
storage, fuel electrolysis, and solar-to-fuel generation.
Figure S.1: An illustration of classic electrochemical cell. Zinc (Zn) and copper (Cu) plates are
separated by aqueous electrolyte and a selective ion membrane to facilitate the ionic transport of
SO42- ions from the cathode (Cu) to the anode (Zn). Image taken from http://hyperphysics.phy-
astr.gsu.edu/hbase/Chemical/electrochem.html
An electrochemical cell, as depicted by Figure S.1, is a device that operates on the ex-
change between chemical reactions and charge-transfer. A typical cell consists of two electrodes,
an anode and a cathode; both electrodes are separated by an ionically conductive electrolyte con-
sisting of reactive and/or non-reactive ions. When an electrochemical cell is connected to an ex-
ternal circuit, whether it’s electrically driving (galvanic) the circuit or being driven by the circuit
(electrolysis), active species at the anode/electrolyte interface are oxidized, generating electrons
that subsequently transfer through the external circuit to the cathode, where active species are re-
duced. In general, the full redox reaction of the cell is characterized by the half-reactions (i.e.
oxidation/reduction) designated to anode and cathode.
Consider the illustrated electrochemical cell (Figure S.1) comprised of a copper (Cu)
cathode and a zinc (Zn) anode. Both are immersed in a pool of aqueous electrolyte containing
sulfate ions (SO42-). Assuming that there is a chemical potential gradient between the Cu cathode
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and Zn anode across the electrolyte, there is thermodynamic driving force for spontaneous redox to
occur, which is quantified by the voltage (or cell potential) difference between the two plates. When
the Zn-Cu cell is connected to a resistive external circuit, it spontaneously discharges, causing the
Zn anode to oxidize and dissociate to form Zn2+ ions.
Zn→ Zn2+ + 2e−
or
Zn→ ZnS O4 + 2e−
(A.1)
The oxidation-generated electrons flow through the external circuit, generating electrical current,
towards the Cu cathode, reducing the Cu2+ ions near the electrode surface to electroplate metallic
Cu.
Cu2+ + 2e− → Cu
or
CuS O4 + 2e− → Cu
(A.2)
The negative transfer of charge from the anode to the cathode is balanced by the transport of
selective ionic species within the electrolyte solution. In the case of Zn-Cu cell, non-electroactive
sulfate (SO42-) ions migrate and diffuse towards the anode. To minimize crossover of Cu2+ or Zn2+,
this cell contains a selective ion membrane for the exclusive permeation of SO42-.
Though there are many other electrochemical applications beyond the previous example,
the principle operation that details the relationship between redox behavior and electricity is the
same. For instance, fuel cells generate electricity by oxidizing hydrogen (H2) near the anode to
form protons, or H+, while the cathode reduces oxygen (O2) to its anionic form (O2-). Both ions
combine to form H2O. Although the reactants are different, fuel cells still operate on the principle
mechanism of redox-facilited charge transfer.
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(a) (b)
Figure S.2: A illustration of two electrochemical cells under (a) galvanic operation and (b) elec-
trolytic operation.[7]
A.2.1 Galvanic and Electrolytic Cell
It was mentioned earlier that an electrochemical cell can either operate galvanically or
electrolytically. Figure S.2 differentiates cells under galvanic and electrolytic operation. Under
galvanic operation, electricity is generated from the spontaneous redox reaction taking place within
the cell. Conversely, electrolysis reverses the direction of electrical current when a cell is driven
by an opposing external power source, thus, reversing the direction of electron flow and redox
reaction. However, in order for electrolysis to occur, the direct-current (DC) voltage of the op-
posing external power source must exceed the open-circuit potential (OCP) of the electrochemical
cell. Common examples of galvanic cells include energy conversion and storage devices such as
fuel cells and discharging batteries. Electrolytic cells include water-splitting for hydrogen genera-
tion, charging batteries. Although synthesis of specific chemicals, electro-refining to treat metals,
and electroplating to form coatings of high purity metals (e.g gold and silver) is mostly achieved
through electrolytic operation for greater control, these processes can technically be achieved under
galvanic operation if the conditions of the cell can drive these processes to occur spontaneously.
One important caveat is that the designation of the cathode and anode is strictly based on the
specific half-reaction taking place as opposed to the electrode material. The designated cathode
electrode always receives electrons (reduction) while the anode always loses electrons (oxidation).
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Thus, if the operation of the cell is reversed, the cathode becomes the anode and vice versa.
A.2.2 Faradaic vs. Non-Faradaic Current
There are two processes in which an electrochemical cell responds to a perturbation:
faradaic and non-faradaic current. The passage of faradaic current comes directly from the redox
reaction, which entails full electron-transfer across the electrode/electrolyte interface. Analogous
to a capacitor, non-faradaic current is a transient process generated by charging current that creates
charge separation between the two electrodes. As a result, there is an accumulation layer of specifi-
cally and non-specifically adsorbed charged species and/or dipole molecules, forming an electrical
double layer. Pure non-faradic behavior is exhibited by an ideal polarized electrode (IPE). Al-
though no true IPE exists, real systems such as mercury electrodes in potassium chloride (KCl)
can closely approach IPE behavior within a fairly wide potential window (∼2V). However, unlike
a true capacitor, the capacitance of an electrochemical cell is dependent on the cell potential due
to the transient effects of the double layer. Consequently, non-faradaic charge, or a combination of
non-faradaic and facile faradaic (pseudo capacitive) currents, have significant application value as
alternative energy storage devices (supercapacitors) due to their fast charge/discharge times.
A.3 Thermodynamic Electrochemistry
Thermodynamics is a scientific branch that describes the relationship between heat and all
forms of energy. Thermodynamics represents a core template to just about every single scientific
discipline. For an electrochemical cell that is outside of equilibrium, the difference in free energy
drives the redox reaction. Thus, there is a quantitative link between the free energy as dictated by
the properties of the cell (temperature, concentration-activities of the active redox species), and the
cell potential, a measurable quantity.
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A.3.1 Nernst Equation
Consider an electrochemical cell with an infinite impedance voltmeter connected across
the cathode and anode; the voltmeter measures and displays the cell potential - also known as the
open circuit potential (OCP). Most importantly, the cell potential, Erxn, is directly proportional to
the change in the redox free energy, ∆G.
∆G = −nFErxn (A.3)
Furthermore, the redox process in standard state is shown as:
∆G0 = −nFE0 (A.4)
Equations A.3 and A.4 show that Erxn is proportional to ∆G by a pre-factor n, which is the number
of electrons that transfer per unit (mol, atom) for a given reaction, and Faradays constant, F (charge
per unit mol of 96,500 C/mol).
Figure S.3: An inert working electrode (Pt) against a NHE reference. The working electrode is
being driven by an external source towards reduction.
We can derive an explicit relationship between the thermodynamic states of the redox
species and the cell potential using the illustration shown in Figure S.3. Two wires, a platinum
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(Pt) wire and an inert metal wire (also Pt), are both immersed in an aqueous electrolyte solution
of hydrochloric acid (HCl). The solution also contains a small concentration of reversible redox
couples, such as ferrocene, an organometallic compound, and its oxidized cation counterpart (fer-
rocenium). Because the base chemical structure of the ferrocene/ferrocenium couple are essentially
the same, the redox reaction is facile and reversible. For simplicity, the reactants will be designated
as reduced ferrocene (R = ferrocene) and oxidized ferrocenium (O = ferrocenium). In the above
illustration, the entire reaction of the cell is written as shown:
H2 + 2O→ 2R + 2H+ (A.5)
When the reaction is broken up into their half-reactions at the cathode and anode, we see that the
NHE (anode) oxidizes H2 into H+ protons.
H2  2H+ + 2e− (A.6)
At the cathode, O is reduced to R.
O + e−  R (A.7)
The spontaneity of the reaction in Equation A.5 is governed by the partial molar change in Gibbs
free energy, ∆G. Under constant temperature and pressure, we express ∆G as the chemical poten-
tial, µi, difference between the reactants and products. If we rewrite Reaction A.5 in its broadest
form, we get:
aH2 + bO→ cR + dH+ (A.8)
Thus, the chemical potential of each active specie is:
∆G = dµH+ + cµR − bµO − aµH2 (A.9)
The standard state free energy, ∆G0, is similarly written as:
∆G0 = dµ0H+ + cµ
0
R − bµ0O − aµ0H2 (A.10)
We then write ∆G as a function of activity:
∆G = ∆G0 + RTln
(
adH+a
c
R
aaH2a
b
O
)
(A.11)
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Assuming that the partial pressure of H2 and activity of H+ is fixed to their standard states (aH2 ,
aH+= 1), which is the set condition for an NHE reference, Equation A.11 is simplified to:
∆G = ∆G0 + RTln
(
acR
abO
)
(A.12)
Because the NHE potential is zero, Equation A.12 shows that ∆G depends soley on the cathode
half-reaction. Since the cell potential (Erxn) is proportional to ∆G, Equation A.12 can be re-written
as:
∆Erxn = ∆E0 +
RT
nF
ln
(
abO
acR
)
(A.13)
This relationship is known as the Nernst Equation, which explicitly represents Erxn as a function
of the chemical states of the redox species. The Nernst equation is most often represented as a
function of redox concentration (ex. mol/cm3).
∆Erxn = ∆E0
′
+
RT
nF
ln
(
CbO
CcR
)
(A.14)
Equation A.14 now incoporates the term containing the activity coefficients, γ, with E0, rewritten
as the formal potential, E0
′
.
∆E0
′
= ∆E0 +
RT
nF
ln
(
γbO
γcR
)
(A.15)
To balance Reaction A.7, the powers b and c are both equal to 1, with n = 1. Therefore, the final
equation for Erxn is:
∆Erxn = ∆E0
′
+
RT
F
ln
(
CO
CR
)
(A.16)
Sign Conventions
The designated sign convention of the cell potential in relation to the free energy can often
be a source of confusion. Many define the cell potential as a directionless quantity, whereby an
infinitesimal change in the overall value dictates the direction of the redox reaction. This contrasts
the definition of the Gibbs free energy, a directional quantity by which the sign corresponds to the
direction of the reaction. Consequently, separate definitions now exist in order to reconcile the
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direct relationship between the free energy and cell potential. For instance, Erxn is also known as
the electromotive force (emf), which is designated as a directional quantity tied to the cell reaction
as opposed to the physical cell. For example, if we consider a convention of assigning the reduction
half-reaction spontaneously taking place at the right electrode with respect to the oxidation half-
reaction taking place at the left electrode, Erxn becomes:
Erxn = ERight − ELe f t (A.17)
If the left electrode (oxidation) is at a lower potential than the right electrode (reduction), the
reaction will spontaneously reduce, resulting in a positive emf quantity. Conversely, if the cell
reaction reverses, the potential difference is now between the left electrode (reduction) and the
right electrode (oxidation), resulting in a negative emf. This facilitates consistency in quantitatively
connecting Erxn to ∆G (Equation A.3), which are opposite in sign since a positive emf and negative
∆G defines a spontaneous reaction.
Reversibility
Reversibility is an important descriptor for characterizing the nature of various electro-
chemical processes. In practice, however, there are different degrees of reversibility in electro-
chemistry. Thermodynamic reversibility represents the absolute limit in which a system is always
at equilibrium - the path from one state to another is changed infinitesimally, incurring no net
change in entropy. Consequently, reals systems are not perfectly reversible in nature, but they can
exhibit behavior that closely aligns with thermodynamic reversibility. In the context of electro-
chemistry, a system can be characterized as being chemically and/or practically reversible. Chem-
ical reversibility is defined by a chemical reaction that can proceed forwards or backwards. Many
practical systems show chemical reversibility; one example is the following redox reaction of a
silver/silverchloride (Ag/AgCl) (eq. 2.xx) is an example a chemically reversible reaction:
AgCl + e− 
 Ag(s) + Cl− (A.18)
ix
In forward direction, AgCl is reduced, dissociating to form metallic Ag. If the reaction is reversed,
that same metallic Ag will re-oxidize to form AgCl. For irreversible reactions, the product, R, may
decompose into a different byproduct in the presence of another reactant. Thus, the direction of
the reaction can no longer be reversed.
O + ne− → R→ T (A.19)
If a reaction is thermodynamically reversible, then it is by extension chemically reversible, though
a chemically reversible reaction may not always be thermodynamically reversible. Common exam-
ples include reactions that are extremely limited kinetically, resulting in a significant perturbation
threshold to activate the reaction. Facile reactions that are close to thermodynamically reversible
are often defined as practically reversible, or ”Nernstian”, which is notably found in simple reac-
tions that exhibit rapid reaction kinetics within short time domains.
A.4 Reaction Kinetics
The Nernst equation, a relationship derived from the redox free energy, provides a quan-
tifiable link between the cell potential and the chemical states (i.e. concentration, activities) of the
redox species. However, a thermodynamic model is limited in scope when it comes to quantita-
tively explicating the mechanistic and dynamic behavior of an electrochemical cell. To demon-
strate, consider a generalized reversible redox reaction shown below:
O + ne−
kc−⇀↽−
ka
R (A.20)
Up to this point, the behavior of a redox reaction was quantified by the thermodynamic driving
force (Nernst equation) while ignoring the rate at which O reduces to R (or vice versa). For this
reaction, we define two opposing reaction rates corresponding to the reduction of O to R, and
oxidation of R to O. The rate constants, kc and ka, are proportionality coefficients that relate the
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rate of reaction, υ, to the concentration of the redox species, O and R.
υa = kaCR (A.21)
υc = kcCO (A.22)
The subscripts c and a correspond to the cathodic (reduction) and anodic (oxidation) current, re-
spectively. For an electrochemical cell, most redox reactions are heterogeneous - electron-charge
transfer during redox occurs across two phases (electrolyte/electrode). Thus, the heterogeneous
rate of reaction, υ, has a flux unit of mol/cm2s across the surface area of the electrode/electrolyte
interface while k has a unit of cm/s. If both half-reactions are combined, the net rate of reaction
becomes:
υnet = kcCO − kaCR (A.23)
At equilibrium, υnet is zero, and the ratio of kc and ka equals the equilibrium constant K.
K =
kc
ka
=
CR
CO
(A.24)
Outside of equilibrium υnet = 0 (υnet,0), we see that υnet is directly proportional to the redox current
by the electron-transfer number, n, Farday’s constant, F, and the electrode surface area, A.
υnet =
i
nFA
(A.25)
i = nFA[kcCO − kaCR] (A.26)
Because the reaction is heterogeneous, the redox current is dependent on the surface concentrations
CO(0,t) and CR(0,t).
i = nFA[kcCO(0, t) − kaCR(0, t)] (A.27)
The connection between the rate of reaction and the free energy of the redox species,
whether in equilibrium or perturbed, is illustrated using the transition state theory (TST) model
(Figure S.4). The free energy diagram, which is a function of the reaction coordinate, describes the
transition of reactants into products and vice versa. Between the two energy levels, there is a high
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Figure S.4: Free energy changes during a reaction. The transition states represents the maximum
free energy.[7]
energy barrier known as the transition state, which represents the energy transition to an activated
complex. Although the reaction shown is spontaneous, the rate of the reaction is highly dependent
on the activation potential, ∆G‡, of the transition state.
The first step is recognizing that the rate constant, k, follows an Arrhenius relationship
with respect to ∆G‡ and temperature. The forward and backward rate constants are written as
follows:
kc = Ace−∆G
‡
c/RT (A.28)
ka = Aae−∆G
‡
a/RT (A.29)
The pre-factor, A, is a phenomenological value that quantifies the change in entropy, molecular and
statistical mechancial behavior of the redox species. The transition state complex is designated as
a quasi-equilibrium state by which its concentration can be written in terms of the reactant/product
concentration. Figure S.5 contrasts changes to the standard free energy diagram when the redox
reaction is at equilibrium, or driven towards reduction/oxidation. At equilibrium, the free energy
levels of the redox species are equal, thus, the forward and backward rates of reaction are equally
opposed, yielding a net rate of zero. At a negative potential relative to E0
′
, the free energy of R is
shifted downward, driving the reaction towards reduction. Conversely, a positive potential shifts
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Figure S.5: Standard free energy changes at the equilibrium potential (Top), a more postive
potential relative to equilibrium (Middle), and more negative potential relative to equilibrium
(Bottom).[7]
the free energy of O downward, driving the reaction towards oxidation.
A.4.1 Standard Rate Constant
Under equilibrium, the free energy barriers, ∆G‡c and ∆G
‡
a for O and R are equal. Thus,
the forward and backward rate constants are equal (kf = kb), assuming that the concentrations of
O and R are the same (CO = CR). Based on the stated criteria, both kf and kb are redefined as the
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standard rate constant, k0.
kc = ka = k0 = Ae−∆G
‡/RT (A.30)
The standard rate constant is an intrinsic kinetic quantity of the redox reaction. Typical k0 values
for very rapid and facile 1-electron transfer reactions range from 1 to 10 cm/s. Common exam-
ples of high k0 reactions include the transitions of aromatic species such as anthracenes, pyrene,
and perleyne into their radical counterparts. In contrast, complex n-electron multi-step reactions
with large rate-limiting free energy barriers typically have significantly lower k0 values. Oxygen
reduction and oxygen evolution are prime examples of low k0 reactions.
Figure S.6: Wide (Top) and magnified (Bottom) effects of a potential change on the standard free
energy of activation.[7]
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A.4.2 Butler-Volmer Equation
Using the example shown in Figure S.6, the extent at which the free energy of O + e-
is shifted when a positive potential is applied relative to E0
′
. Under the assumption that the free
energy profile is linear near the transition state , the free energy barriers for oxidation (∆G‡a) and
reduction (∆G‡c) are shifted proportionally by the difference between the cell potential, E, and the
formal potential E0
′
.
∆G‡c = ∆G
‡
0c + αnF(E − E0
′
) (A.31)
∆G‡a = ∆G
‡
0a − (1 − α)nF(E − E0
′
) (A.32)
The transfer coefficient, α, is a unitless parameter normalized between 0 and 1, and described as the
fraction by which the free energy changes when shifted. Thus, the value of α is dependent on the
shape and symmetry of the free energy profile and transition state. Although α is technically not
a constant, but a function of potential, the change is generally negligible within a small potential
window, especially for a facile reaction.
By substituting Equations A.31 and A.32 into the Arrhenius Equations A.28 and A.29
for kc and ka, respectively, we now have an explicit relationship between the rate constant and the
change in cell potential.
kc = Ace−∆G
‡
0c/RT × e−αnF(E−E0′ )/RT (A.33)
ka = Aae−∆G
‡
0a/RT × e(1−α)nF(E−E0′ )/RT (A.34)
Equations A.33 and A.34 can be simplified further by expressing the relationship in terms of the
standard rate constant, k0.
ka = k0e(1−α)nF(E−E
0′ )/RT (A.35)
kc = k0e−αnF(E−E
0′ )/RT (A.36)
By revisiting equation A.27, we can now express the current, i, as a function of E.
i = ic − ia = nFAk0
[
CO(0, t)e−αnF(E−E
0′)/RT −CR(0, t)e(1−α)nF(E−E0
′)/RT
]
(A.37)
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This expression is famously known as the Butler-Volmer (BV) equation, an explicit relationship
between the redox current and the cell potential.
Exchange Current
We see that the key parameters of the BV equation is k0 and α. Consider the behavior of a
system under equilibrium conditions, where υnet = 0 when the cell potential is at Eeq. Consequently,
the anodic and cathodic currents are equal (ia = ic).
CO(0, t)e−αnF(Eeq−E
0′)/RT = CR(0, t)e(1−α)nF(Eeq−E
0′)/RT (A.38)
Assuming that the surface and bulk compositions are equal at equilibrium, we see that Equation
A.38 simplifies to the Nernst equation:
C∗O
C∗R
= enF(Eeq−E
0′)/RT (A.39)
Eeq = E0
′
+
RT
nF
ln
(C∗O
C∗R
)
(A.40)
The magnitude of ia and ic at equilibrium becomes known as the exchange current, i0.
i0 = ic = ia = nFAk0C∗Oe
−αnF(Eeq−E0′)/RT (A.41)
By substituting Equation A.39, the exchange current is rearranged as a function of C∗O and C
∗
R.
i0 = nFAk0C
∗(1−α)
O C
∗α
R (A.42)
In the specific case where CO = CR, the Equation A.42 simplifies to:
i0 = nFAk0CO (A.43)
Current-Overpotential
For real systems, its more practical to represent the BV equation as a function of the
overpotential (η = E − Eeq), and exchange current, i0. If we take the BV equation (Equation A.37)
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and divide it by i0 (Equation A.41), the relationship becomes:
i
i0
=
[CO(0, t)e−αnF(Eeq−E0′)/RT
C∗Oe
−αnF(Eeq−E0′)/RT
− CR(0, t)e
(1−α)nF(Eeq−E0′)/RT
C∗Re
(1−α)nF(Eeq−E0′)/RT
]
(A.44)
Using simple mathematical manipulation, the formal potential terms cancel out, and the BV equa-
tion becomes:
i = i0
[CO(0, t)
C∗O
e−αnFη/RT − CR(0, t)
C∗R
e(1−α)nFη/RT
]
(A.45)
If mass transport is not a factor, which is the case for a well-stirred solution at low faradaic currents,
the surface and bulk concentrations are equal, and the BV equation can be rewritten as:
i
i0
=
[
e−αnFη/RT − e(1−α)nFη/RT
]
(A.46)
At greater overpotentials, whether cathodic or anodic, the back-reaction term becomes negligible.
For instance, BV equation for a system at high reduction overpotentials is approximated as:
i = i0e−αnFη/RT (A.47)
Relationship between BV and the Nernst Equation
The relationship between the BV equation and the Nernst equation becomes evident when
looking at a Nernstian redox reaction. Consider a facile n-electron reaction, where the reaction
kinetics exceeds the minimum limit within the measureable time scale. Consequently, the exchange
current i0, or the standard reaction coefficient, k0 is very large. In the limiting case where the i0 →
∞.
lim
i0→∞
i
i0
= 0 (A.48)
The ratio i/i0 converges to zero, thus, Equation A.45 becomes:
0 =
[CO(0, t)
C∗O
e−αnFη/RT − CR(0, t)
C∗R
e(1−α)nFη/RT
]
(A.49)
CO(0, t)
CR(0, t)
=
C∗O
C∗R
e−nF(E−Eeq)/RT (A.50)
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The ratio, C∗O/C
∗
R, is substituted by Equation A.39, yielding:
CO(0, t)
CR(0, t)
= e−nF(Eeq−E
0′)/RT e−nF(E−Eeq)/RT (A.51)
Finally, the Eeq terms cancel out, and the equation reduces to the Nernst equation:
CO(0, t)
CR(0, t)
= e−nF(E−E
0′)/RT (A.52)
A.4.3 Tafel Plot
As previously summarized, the BV equation can be approximated by a single exponential
term corresponding to the forward reaction at high overpotentials, showing a linear trend when
plotted logarithmically. This is known as a Tafel plot. Consider a well-stirred system under a high
cathodic overpotential (negative potential).
i = i0e−αnFη/RT (A.53)
Within this regime, that the anodic back reaction term is negligible, and the logarithmic equation
becomes:
η =
RT
αF
log i0 − RT
αF
log i (A.54)
If we plot the η versus log i, we get a linear Tafel plot. The slope, a, and intercept b, are:
a =
RT
αF
log i0
b = −RT
αF
(A.55)
Figure S.7 shows a typical Tafel plot. Deviations at lower overpotentials are due to the
non-negligible back reaction term. Typically the Tafel behavior is valid if the back reaction con-
tributes less than 1% of the forward reaction, which translates to an overpotential of around 120
mV. It should be noted that the Tafel plot is also applicable to systems limited by mass transport.
η =
RT
αF
log
i0
il,c
− RT
αF
log
(il,c − i)
i
(A.56)
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Figure S.7: Tafel plots under cathodic and anodic loads. Deviations from linearity at low overpo-
tentials are due to non-neglible contributions from the back-reaction terms.[7]
This approach is especially useful when analyzing the kinetic behavior of sluggish reactions such
as oxygen reduction, where overpotentials are typically around 300 mV.
A.4.4 Multi-electron Reactions
One important caveat is that real systems more complex, requiring multiple steps to com-
plete a full redox reaction. An explicit relationship between the faradaic current and overpotential
for a multi-step reaction is obfuscated by the number of unknown parameters that are specific to
each reaction step, including the concentrations of the all of the intermediate species involved in
the full reaction. Regardless, the rate of reaction for a multi-step process is only limited to the
rate-determining step (RDS). In this case, the same approach outlined in the previous sections is
still applicable to the RDS reaction. However, the BV equation now depends on the concentration
of the intermediate species involved in the RDS, which is not always easily measured or controlled.
Consider a multi-step reaction shown as follows:
O + n′e  O′ S tep that precedes RDS
O′
kc

ka
R′ RDS
R′ + n′′  R S tep f ollowing RDS
(A.57)
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Using the same mathematical treatment as previously shown, we see that the BV equation in terms
of the RDS reaction step invariably involves the intermediate species, O′ and R′.
i = nFAk0rds
[
CO′(0, t)e−αF(E−E
0′
rds)/RT −CR′(0, t)e(1−α)F(E−E0
′
rds)/RT
]
(A.58)
A.4.5 Microscopic Theory and Energy Distributions
Up to now, the BV equation has been treated as a phenomenological relationship without
considering how the k0 and α are influenced by the structural and chemical properties of the redox
species. During the 20th century, several studies by key chemists, such as Marcus, Hush, Levich,
and Dogonadze, formulated various microscopic theories that reconciled observed kinetic behav-
ior with the microscopic behavior of the reactive species. More specifically, they fundamentally
characterized the atomic behavior of the redox species, electrode surface, and solvent molecules in
relation to the free energy distribution, nuclear coordinate, bond vibration, solvent motion, electron
tunneling, inner sphere and outer sphere adsorption interactions.
For example, Marcus theory provides a qualitative and quantitative basis that links the
structure of the chemical species to k0, as well as the potential dependence of α. For extremely
facile reactions, we see that the reactants and products require very little structural reorganization
upon reaction, meaning the nuclear coordinate dictated by changes in reactant bond length and
bond angles during the reaction are marginal; thus, k0 and by extension the exchange rate, i0, is
extremely large. Conversely, sluggish reactions typically involve transitions that entail significant
structural changes between reactant and product, and/or when there are strong adsorption inter-
actions with the electrode or solvent (solvation) molecules. Other explanations include kinetic
models based on the overlapping interactions between the energy states of the electrode and the
energy states of the reactants within the solution. Unfortunately, this section is incredibly sparse
in detail, since it’s hardly pertinent to this research. I recommend reading sections 3.6.1 to 3.6.4 in
the Faulkner text book to learn more about these theories.[7]
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A.5 Effects of Mass Transport
In addition to the kinetic facility of a chemical system, we also have to consider another
limiting factor, namely mass transport. During a faradaic reaction, the reactive species are con-
sumed at the electrode/electrolyte interface at a given rate while the product species are created
and accumlating at that same interface. When the reaction is being driven, the reactant concen-
tration will start to deplete at the electrode surface, creating a concentration gradient between the
surface and the bulk. In addition to the kinetic limitations of the reaction, the current output is also
governed by the mass transport kinetics of the reactive species from bulk to the electrode surface.
For Nernstian reactions, the current outptut is limited soley by mass transport. For quasireversible
and irreversible systems, both processes can limit the current depending on the overpotential. Low
overpotentials will predominantely be affect by kinetic properties of the reaction while high over-
potentials will be limited by mass transport.
There are three types of mass transport: diffusion, migration, and convection. Both dif-
fusion and migration are thermodynamically driven by the electrochemical potential gradient ∇µ¯
(not to be confused with E) of both charged and uncharged species. The gradient arises from dif-
ferences in concentration (or activity) and/or a potential gradient. Convection is characterized as a
bulk flow of matter from an imbalance of forces. We can quantify these mechanisms as an area flow
rate of chemical species, or flux (mol/cm2s). The flux for a given specie, Jj, is proportional to the
concentration Cj, the diffusion coefficient Dj, chemical potential gradient (diffusion and migration)
and the velocity vector v (convection):
J j = −
(
C jD j
RT
)
∇µ¯ j + C j~v (A.59)
The first term is the Nernst-Planck equation, and is expanded to terms corresponding to diffusion
and migration. Thus, we now have a flux equation with respect to all three forms of mass transport
is shown below:
J j = −D j∇C j − z jFRT D jC j∇φ + C j~v (A.60)
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For a simple 1-D case, the flux equation becomes:
J j(x) = −D j∂C j(x)
∂x
− z jF
RT
D jC j
∂φ(x)
∂x
+ C jv(x) (A.61)
The first term is the diffusion flux derived from Fick’s first law, the second term is the migration
equation, and the third term is convection. In most cases, it is practical to simplify the effect of
mass transport by controlling the electrochemical experiment in such a way that one or more the
transport mechanisms no longer become a factor. For instance, let’s assume that the measured sys-
tem is under quiescent conditions where there is no convection - electrolyte solution is unstirred.
The relative contributions of diffusion and migration to the overall flux are dependent on the time
of response to a perturbation, and the distance away from the electrode. Near the electrode surface,
both processes play a significant role. We can quantify the fraction of current corresponding to ei-
ther diffusion or migration based on some knowledge of the conductance, diffusion coefficient, and
transference of the reactive species. However, if the system has an excess of supporting electrolyte
composed of non-electroactive ionic species, the contribution of migration is nearly zero, and the
overall flux, or current is governed solely by diffusion.
J j(x) = −D j∂C j(x)
∂x
(A.62)
i j = − j jz jFA = z jD jFA∂C j(x)
∂x
(A.63)
For multiple reactive species, the current equation turns into a summation.
i =
∑
j
i j = FA
∑
j
z jD j
∂C j
∂x
(A.64)
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